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GLOSSARY

Arbuscular mycorrhizal fungi: Fungi that belong to the phylum
Glomeromycota, forming mutualistic symbioses with approximately 72% of
vascular plant species. These fungi evolved over 500 million years ago, during
the Ordovician period, and are characterized by the formation of highly branched,
tree-like structures called “arbuscules” within the root cortex cells of host plants
(Brundrett and Tedersoo, 2018).

Arbuscule: A short-lived, tree-like structure formed by arbuscular mycorrhizal
fungi within the root cortical cells of plants. It is the primary site for nutrient
exchange, where fungi supply phosphorus and other minerals to the plant in return
for carbon energy (Das et al., 2025).

Biofilm: An assemblage of microbial cells that is irreversibly associated (not
removed by gentle rinsing) with a surface and enclosed in a matrix of primarily
polysaccharide material (Panda and da Silva, 2025).

Chemoattraction: The process by which a cell senses a gradient of chemical
signals and moves toward areas of higher concentration. This behavior is driven
by receptors on the cell surface that specifically detect these chemical signals. If
the gradient is in a soluble form, the movement is referred to as chemotaxis; if it
is bound to a surface, it is called “haptotaxis”. Since it is often unclear which
mechanism dominates in vivo, “chemoattraction” serves as a general term for
these directional movements (Rodriguez-Fernandez and Cabaiias, 2013).

Common mycorrhizal network (CMN): A direct, continuous physical link
between plants formed by the mycelium of mycorrhizal fungi. This means that a
specific case (involving hyphal continuity) is used to define a much broader
phenomenon of hyphae interlinking roots of different plants (Rillig et al., 2024).

Extraradical mycelium (ERM): The network of fungal hyphae developed by
arbuscular mycorrhizal fungi in the soil surrounding plant roots. This network
extends beyond the root cortex, forming a continuum between the soil and plant,
facilitating the uptake, translocation, and transfer of nutrients, ions, and other
elements to the host plant (Declerck et al., 2003).

Flavonoids: Flavonoids are polyphenolic secondary metabolites derived from the

phenylpropanoid pathway, characterized by a 15-carbon (C6-C3-C6) skeleton
comprising two aromatic rings (A and B) linked by a heterocyclic pyran ring (C).

IX
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In legume-rhizobia symbiosis, flavonoids serve as critical signaling molecules,
inducing the expression of rhizobial nodulation genes (e.g., nodABC) via
interaction with the NodD transcriptional activator, attracting rhizobia to root
surfaces through chemoattraction, and regulating host specificity by ensuring
compatibility with specific rhizobial strains. Flavonoids exist as aglycones (e.g.,
daidzein, genistein) or glycosides (e.g., daidzin, luteolin-7-O-glucoside).
Glycosylation involves the enzymatic attachment of sugar moieties (e.g., glucose,
galactose, rhamnose) to flavonoid aglycones at positions 3, 7, or 4’ by
glycosyltransferases (e.g., GmMaT2, UGTs), enhancing solubility, stability, and
transport within the plant. This process occurs in the cytoplasm, with glycosides
often stored in vacuoles. Glycosides are typically hydrolyzed by enzymes like [3-
glucosidases (e.g., GmG1) in the rhizosphere to release active aglycones, which
are more effective in activating NodD and initiating symbiotic signaling.
Flavonoids also modulate auxin transport to facilitate nodule development,
influence quorum sensing in rhizobia, and enhance nutrient acquisition (e.g.,
phosphorus, iron). They are synthesized via enzymes like chalcone synthase and
chalcone isomerase, with isoflavonoids being prominent in legumes (Kotik et al.,
2023; Qiu et al., 2024).

Hyphal exudates: Compounds that are actively or passively released into the soil
from the fungal hyphae, including sugars, amino acids, carboxylates,
polysaccharides, proteins, flavonoids, protons, and other secondary metabolites
(Zhang et al., 2022).

Hyphosphere: The hyphosphere is the narrow region of soil immediately
surrounding fungal hyphae, representing a critical hotspot for interkingdom
interactions between fungi and bacteria. As a key micro-niche within the soil
ecosystem, the hyphosphere exhibits distinct physical, chemical, and biochemical
properties compared to bulk soil, driven by the influence of hyphal exudates (e.g.,
enzymes, sugars, and organic acids) and the metabolic activities of hyphae-
associated bacteria. These exudates and microbial interactions shape the unique
exometabolic chemistry of the hyphosphere, facilitating microbial community
restructuring, carbon redistribution, and nutrient cycling (Thomas and Antony-
Babu, 2024).

In silico study: A computational approach that utilizes software tools and
algorithms to predict and analyze biological interactions and properties, such as
the binding affinity between molecules. This method, commonly applied in
molecular docking studies, facilitates drug discovery by simulating ligand-
receptor interactions and optimizing potential therapeutic compounds. It is cost-
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effective, time-saving, and allows for high-throughput screening of molecular
targets (Daniel, 2024).

Metabolomics: The large-scale study of all metabolites and low-molecular-
weight molecules in a biological sample, such as cells, biofluids, tissues, or
organisms. It encompasses a set of techniques and approaches aimed at
comprehensively measuring and analyzing these small molecules to understand
biological processes and functions (Chin and Slupsky, 2013).

Microbiome: The community of microorganisms, including bacteria, archaea,
fungi, protists, and viruses, that inhabit a specific environment. The diversity and
functionality of the microbiome are influenced by environmental factors and
interactions with the host (Dini-Andreote and van Elsas, 2013).

Myec factors: signaling molecules produced by arbuscular mycorrhizal (AM)
fungi, critical for initiating and establishing mutualistic symbiosis with host plants.
These molecules, typically with a molecular weight less than 3.5 kDa, consist of
two primary types: Myc-LCOs (mycorrhizal lipochitooligosaccharides), which
are lipochitooligosaccharides comprising 4-5 N-acetylglucosamine (GIlcNAc)
units with lipid chain modifications, and Myc-COs (mycorrhizal
chitooligosaccharides), which are short-chain chitin oligomers, typically CO4 or
CO3, lacking lipid modifications. Myc Factors are perceived by plant LysM
receptor-like kinases, such as LYK3 and NFR1 for Myc-LCOs, and OsCERK!
and MtLYK9 for Myc-COs, activating the common symbiosis signaling pathway
(CSSP). This activation induces nuclear calcium oscillations in root epidermal
cells and expression of symbiosis-specific genes, such as early nodulin genes (e.g.,
MtENODI1), even in the absence of direct fungal-root contact. Myc Factors play
a pivotal role in mediating fungal recognition and ensuring host compatibility,
facilitating the formation of arbuscular structures for nutrient exchange.
Structurally distinct from rhizobial Nod factors, Myc Factors elicit specific
signaling cascades tailored to AM symbiosis, with variations in perception and
response across plant species, including rice, tomato, and Medicago truncatula.
These differences underscore the adaptability of AM symbiosis to diverse plant
hosts (Crosino and and Genre, 2022).

Nod factors: A class of lipochitooligosaccharides, signaling molecules produced
by rhizobia in response to flavonoids exuded by plants under nitrogen-limited
conditions, essential for initiating legume-rhizobia symbiosis by inducing root
nodulation and enabling nitrogen fixation (Debellé, 2013).

XI
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Nodulation genes: Bacterial genes in rhizobia responsible for synthesizing,
modifying, secreting, and regulating lipochitooligosaccharide Nod factors, which
serve as signaling molecules to initiate rhizobia-legume symbiosis. These genes
induce host plant responses, including root hair curling, cortical cell division, and
nodule formation, facilitating nitrogen-fixing symbiosis. Nodulation genes are
classified into common nod genes (e.g., nodA, nodB, nodC, for core Nod factor
synthesis), host-specific nod genes (e.g., nodH, nodL, nodZ, for structural
modifications like sulfation, acetylation, or fucosylation to ensure host
compatibility), regulatory nod genes (e.g., nodD, for activation in response to
plant-derived flavonoids), and secretion-related nod genes (e.g., nodl, nodJ, for
Nod factor transport and secretion) (Ratu et al., 2021; Magne et al., 2024).

Rhizobia: Gram-negative, rod-shaped bacteria (0.5-0.9 um wide, 1.2-3.0 pum
long) capable of motility via flagella. They possess surface lipopolysaccharides
and exopolysaccharides essential for host recognition and infection. Rhizobia
exhibit phylogenetic diversity, belonging to multiple genera within the
Alphaproteobacteria, including Rhizobium, Bradyrhizobium, Sinorhizobium (also
known as Ensifer), and Mesorhizobium, each comprising various species and
strains with distinct genomic and symbiotic characteristics. This diversity enables
them to form symbiotic relationships with a range of legume species, often
displaying host specificity mediated by plant-released flavonoids and rhizobial
Nod factors. Within root nodules, they differentiate into nitrogen-fixing
bacteroids, enclosed in host-derived symbiosomes, converting atmospheric
nitrogen into ammonia to support plant growth. The diversity of rhizobia also
encompasses taxonomic variations, symbiotic specificity, genomic structure, and
geographic distribution, with certain strains adapted to specific environmental
conditions or legume hosts, such as Bradyrhizobium being more prevalent in
tropical legumes (Chen et al., 2021; Fahde et al., 2023).

XII



SUMMARY

SUMMARY

Legumes rely on nitrogen (N)-fixing bacteria (rhizobia) and arbuscular
mycorrhizal (AM) fungi to optimize nutrient acquisition, particularly in nutrient-
poor soils. Rhizobia fix atmospheric N2 by forming root nodules, while AM fungi
enhance nutrients uptake (e.g. P and N) and mediate soil microbe interactions.
Although rhizobia recruitment is closely linked to the production of flavonoids by
plants, this is limited to a few millimeters from the roots. The mechanisms
enabling long-distance rhizobial migration and ensuring host-specific recruitment
remain poorly understood. Here, we investigated the role of AM fungal
extraradical mycelium (ERM) and common mycorrhizal networks (CMNs) in
facilitating rhizobial migration and host specific recruitment by legumes.

Using Medicago truncatula and Sinorhizobium meliloti, we demonstrated that the
ERM of Rhizophagus irregularis provides a physical pathway for long-distance
rhizobial migration. Time-lapse microscopy revealed that the bacterium moved
along the surface of the fungal hyphae supported by cytoplasmic flow within the
fungal network that can improve the supply of nutrients to the bacterium and
signal the presence of a suitable host. Metabolomic analyses identified eight
flavonoids unique to ERM connected to M. truncatula, which enhanced rhizobial
growth and expression of genes involved in nodulation. These findings
demonstrate that AM fungal ERM extends rhizobial recruitment beyond the
rhizosphere, allowing legumes to attract their symbiotic partners from distant soil
niches.

Using M. truncatula and Glycine max connected together by a common
mycorrhizal network of R. irregularis, we demonstrated that S. meliloti (green
fluorescent protein-tagged) and Bradyrhizobium diazoefficiens (m-cherry-tagged),
migrated towards their specific legume host. Metabolomic profiling revealed
distinct flavonoid signals released by each legume species, which guided their
respective rhizobia through the CMN. Both in vitro and greenhouse experiments
confirmed that CMNs not only facilitate rhizobial dispersal but also ensure precise
host-specific recruitment, even under competitive conditions.

Our thesis highlighted the dual role of AM fungi in enabling long-distance
rhizobial migration and mediating host-specific recruitment through ERM and
CMN:s. By exploring these mechanisms, we provided novel insights into the
molecular and ecological processes underpinning legume-microorganisms
interactions. Specifically, our findings demonstrated that AM fungi facilitate host
specificity recognition by bacteria by transporting legume-specific flavonoid
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SUMMARY

signals through CMNs, which selectively attract compatible rhizobia even in the
presence of competing hosts plants and microbial partners. These results pave the
way for practical applications of rhizobia and AM fungi in agriculture, in
particular by taking advantage of the complementary nature of these two
symbionts to improve the efficiency of N> fixation in legumes.
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INTRODUCTION

In agricultural systems, legumes establish complex symbiotic relationships with
two key microbial partners: arbuscular mycorrhizal (AM) fungi and nitrogen-
fixing bacteria, known as rhizobia (Saeki, 2011). These interactions are vital for
plant nutrition and soil fertility. Rhizobia provide significant amounts of
biologically fixed nitrogen (N2) to agricultural and natural systems — up to 70
million tons per year through root nodule symbiosis (Brockwell et al., 1995) —
while AM fungi provide phosphorus and other nutrients to the plant. Both
microorganisms thus greatly enhance legume growth, particularly in nutrient-
limited soils (Wahbi et al., 2016; Wang et al., 2016b) and form the backbone of
legume productivity, particularly in sustainable agricultural practices aimed at
reducing chemical fertilizer inputs.

Rhizobia recruitment by legumes is primarily driven by flavonoids secreted into
the rhizosphere, which activate rhizobial nodulation (nod) gene expression,
leading to the production of Nod factors required for root nodule initiation (Zhang
et al., 2020). However, this signaling process is limited by distance, as flavonoids
are generally perceived only a few millimeters from the root surface (Del Valle et
al., 2020). Moreover, the physical properties of soil, such as air-filled gaps
between aggregates, and the limited motility of rhizobia in the absence of water
flow, further restrict the ability of rhizobia to migrate toward legume roots
(Horiuchi et al., 2005; Vicario et al., 2015). While traditional models of rhizobia
recruitment focus on mechanisms, localized at the root level, emerging evidence
suggest that other soil biotic components, may provide additional pathways for
rhizobial dispersal and recruitment over longer distances. For example, a recent
study has demonstrated that the facultative biotrophic fungus Phomopsis
liquidambaris facilitate the migration of rhizobia to legume roots via its hyphae
connecting the plant, enhancing nodulation (Zhang et al., 2020).

AM fungi form vast extraradical mycelial (ERM) networks in soil, which have
been shown to transport nutrients (Zhang et al., 2018a; Wipf et al., 2019),
secondary metabolites (Anckaert et al., 2024; Vieira et al., 2025) and even
microorganisms (e.g., Rahnella aquatilis) which migrate along fungal hyphae to
access nutrient patches, facilitating phosphate mineralization and enhancing
nutrient availability (Jiang et al., 2021). This capacity of AM fungal networks
presents a potential, yet largely underexplored, avenue for the long-distance
migration and selective recruitment of rhizobia. Despite this potential, critical
knowledge gaps persist regarding the precise mechanisms by which AM fungi
might mediate rhizobial migration, the extent of host specificity in such
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interactions (e.g., discriminating between legumes and non-legumes, or between
different legume species), and the specific molecular signals (such as flavonoids)
that might be transported by the hyphae to orchestrate these processes.

Therefore, this thesis hypothesizes that AM fungal networks play a multifaceted
role in legume-rhizobia interactions, acting as more than just nutrient conduits.
Specifically, we propose that these networks can: (1) transport host-derived
chemical signals, such as flavonoids, over significant distances, thereby alerting
rhizobia to the presence of a compatible host plant; (2) function as physical
“highways”, facilitating the long-distance migration of rhizobia through the
complex soil matrix to the roots of compatible legumes; and (3) contribute to the
host-specific recruitment of rhizobia, enabling them to discriminate between
suitable (leguminous) and unsuitable (non-leguminous) hosts, or even between
different compatible legume species.

To address the aforementioned research gaps and test these hypotheses, the
overall aim of this thesis is to elucidate the role of AM fungal networks in
mediating rhizobia recruitment, with a particular focus on long-distance migration,
host-specificity, and the underlying signaling mechanisms. This research seeks to
fill critical gaps in our understanding of these complex tripartite symbioses.
Specifically, the thesis pursued the following four main objectives:

1. To investigate whether and how the extraradical hyphae of the AM fungus
Rhizophagus irregularis facilitate the long-distance migration of Sinorhizobium
meliloti and promote nodulation in the model legume species Medicago
truncatula (Chapter I).

2. To determine if rhizobia recruitment mediated by R. irregularis networks
exhibits host-plant specificity, particularly by testing whether these networks
selectively favor the migration of S. meliloti towards its legume host (M.
truncatula) when compared to non-leguminous plants (Solanum tuberosum or
Plantago lanceolata) (Chapter I).

3. To assess whether common mycorrhizal networks (CMNs) formed by R.
irregularis, linking two different legume species (M. truncatula and Glycine max),
can mediate the selective recruitment of their respective host-specific rhizobia (S.
meliloti to M. truncatula and Bradyrhizobium diazoefficiens to Glycine max),
thereby examining rhizobial tropism and distribution within such networks
(Chapter II).
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4. To identify and characterize flavonoids transported by R. irregularis hyphae
and released in hyphal exudates, by comparing exudates connected to M.
truncatula versus S. tuberosum (Chapter 1) and M. truncatula versus G. max
(Chapter II), to elucidate their role in mediating rhizobial recruitment and host
specificity.

The successive steps undertaken to address these objectives are schematized in
the thesis framework figure.

[ Role of mycelial networks of AM fungi in mobilizing symbiotic N-fixing bacteria ]

!

Introduction and state of the art
* Overview of AM fungi and rhizobia symbiosis
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This thesis is structured as follows:

This Introduction outlines the overall context of legume-microbe symbioses,
identifies the key research gaps concerning the role of AM fungi in rhizobia
recruitment, presents the central hypotheses and specific objectives of the research,
and provides an overview of the thesis structure.

The State of the Art section presents a comprehensive literature review covering
the core concepts and recent advancements in the study of AM fungi, rhizobia,
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and their interactions with plants. It details the general characteristics and life
cycles of these symbionts, their roles in plant nutrient acquisition, the concept of
the hyphosphere as a zone of microbial interactions, the critical role of flavonoids
as signaling molecules, the common symbiotic pathway shared by AM fungi and
rhizobia, and the synergistic and antagonistic interactions within these tripartite
systems.

The Materials and Methods section describes the biological materials used,
including the AM fungus Rhizophagus irregularis MUCL 41833, two
fluorescently tagged rhizobial strains  (Sinorhizobium  meliloti and
Bradyrhizobium diazoefficiens), two legume species (Medicago truncatula and
Glycine max), and two non-legume species (Solanum tuberosum and Plantago
lanceolata). 1t also provides details on the key experimental setups, such as bi-
and quadri-compartmented microcosms, and analytical techniques employed,
including UPLC-HRMS for metabolomics and fluorescence microscopy.

Chapter I focuses on investigating the interaction between the extraradical
hyphae of AM fungi and N-fixing rhizobia, specifically their roles in facilitating
rhizobia migration and initiating legume-rhizobia nodulation. Using in vitro and
greenhouse mesocosm systems, this chapter demonstrates that AM fungal hyphae
provide a preferential route for long-distance rhizobia migration, acting as an
indirect pathway to establish nodulation. /n silico studies further support the
hypothesis that flavonoids transported by AM fungal hyphae are crucial in
attracting rhizobia and activating symbiosis-related gene expression. The findings
of this chapter have been published in The ISME Journal (2024).

Chapter II explores whether a CMN linking two different legume species can
mediate host-specific rhizobia recruitment and aims to identify the host-specific
flavonoids driving this process. Using multi-compartmented systems, this chapter
demonstrates strong host-specific tropism by rhizobia within the CMN.
Comparative metabolomic analysis of hyphal exudates reveals distinct flavonoid
profiles associated with each legume host, supporting the role of AM fungi in
transporting and releasing host-specific chemoattractants. The findings of this
chapter have been published in The ISME Journal (2025).

The General Discussion section summarizes and critically discusses the major
findings of the thesis. It highlights the dual role of AM fungal hyphae as both
physical pathways and chemical mediators for rhizobia recruitment and discusses
the implications of host-specificity for legume-based cropping systems.
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Finally, the Conclusions and Perspectives section reviews the major outcomes
of the research and proposes avenues for future studies. These include
investigating the influence of environmental factors and different AM fungal
species on these interactions, as well as exploring the practical applications of
these findings in sustainable agriculture.

By addressing these objectives, this thesis aims to provide novel insights into the
mechanisms by which AM fungal networks mediate host-specific interactions in
complex plant-microbe systems, thereby advancing our understanding of soil
microbial ecology and its potential applications.
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1. Arbuscular mycorrhizal fungi
1.1. Generalities

The majority of terrestrial plants form mutualistic associations, called
mycorrhizae, with at least one of the seven types of mycorrhizal fungi. Among
these, arbuscular mycorrhizal (AM) fungi, belonging to the phylum
Glomeromycota (Schiifler et al., 2001; Brundrett and Tedersoo, 2018), are by far
the most important, forming symbiotic associations with at least 72% of vascular
plant species (Brundrett and Tedersoo, 2018). These fungi are characterized by
their obligate nature (they need to be associated to a compatible plant to
accomplish their life cycle) and the formation of arbuscules (Figure 1a), which
are tree-shaped structures within root cells (Parniske, 2008), involved in the
exchanges of nutrients and carbon/lipids (Jiang et al., 2017; Vergara and Araujo,
2024) and in some genus (e.g. Glomus, Rhizophagus) vesicles (Figure 1b) which
are storage an reproductive structures (Souza, 2015).

@) O

Figure 1. A mature arbuscule (a) and vesicles (b) of Rhizophagus irregularis
MUCL 41833.

Kidston and Lang (1921) identified an endophytic structure in the roots of Early
Devonian plants through anatomical observations. They observed thick-walled
spores at hyphal tips, aseptate hyphae, hyphal coils, and vesicle-like structures
resembling those of AM fungi in today’s plants. Arbuscules similar to those of
modern AM fungi species have also been found in the underground organs of
fossil plants dating back 400 million years in the Rhynie Chert formation (Stiirmer
et al., 2018). Remarkably, fossil evidence indicates that AM fungi may have an
even earlier origin, as thick-walled spores resembling those of AM fungi have
been discovered in Ordovician sediments, dating back approximately 500 million
years (Pirozynski and Dalpe, 1989; Redecker et al., 2000). These spores, along
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with associated hyphae, provide strong evidence for the single evolutionary origin
of AM fungi. These observations, coupled with the presence of arbuscules in
ancient plant roots, support the hypothesis that AM fungi played a critical role in
facilitating the transition of plants from aquatic to terrestrial environments
(Strullu-Derrien, 2018). The ancient symbiotic relationship likely enabled early
plants to acquire essential nutrients in nutrient-poor terrestrial soils, driving the
successful colonization of land by plants.

In the association between plants and AM fungi, these later develop hyphae,
arbuscules and in some genus vesicles, within plant roots and an extensive hyphal
network in the soil. They receive up to 20% of the host plant’s photosynthetically
fixed carbon (Lopez-Gutiérrez et al., 2008) in exchange for minerals, e.g.,
nitrogen (N) and phosphorus (P) (Noé and Kiers, 2018; Shi et al., 2023) and water
(Xiao et al., 2023). The shift of AM fungi from saprotrophic to symbiotic
lifestyles involved genomic adaptations, including the loss of genes for plant cell
wall-degrading enzymes (CAZymes), fatty acid synthesis (e.g., absent in
Rhizophagus irregularis and Gigaspora spp.), sucrose hydrolysis, and thiamine
synthesis, alongside streamlined secondary metabolism, rendering them obligate
biotrophs dependent on host lipids and nutrients (Miyauchi et al., 2020; Duan et
al., 2025). Lipids are vital, serving as major carbon storage (triacylglycerols, 40—
90% of stored carbon) (Wewer et al., 2014; Jiang et al., 2017), forming nutrient
exchange interfaces like peri-arbuscular membranes (Ivanov and Harrison, 2019),
enabling carbon transfer (Bravo et al., 2017), signaling development (e.g., hyphal
branching, sporulation) (Kameoka et al., 2019), and adapting to stresses like
drought or low pH (Feng et al., 2020). Plant fatty acid synthesis genes (FatM,
RAM?) are critical, as their knockout inhibits AM colonization, confirming fungal
reliance on host lipids (Bravo et al., 2017; Jiang et al., 2017). This complementary
exchange, host lipids for fungal P, and metabolic specialization through gene loss
optimizes the mutualistic plant-AM fungal network, enhancing plant nutrient
uptake and stress resilience in resource-poor environments.

1.2. Life cycle

The initiation of the AM fungal life cycle begins with the germination of a
propagule (generally a spore, a vesicle or a colonized root piece), which can occur
independently of a host plant. Although initial growth occurs without a host, the
full life cycle is completed only upon successful root colonization.

The AM fungal life cycle is divided into three successive phases (asymbiotic, pre-
symbiotic and symbiotic) from the germination of a propagule to the production
of new propagules. A detailed examination of each phase is presented below

8
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(considering a spore as propagule), elucidating key events and discussing the
signals that influence the successful association between a plant and an AM
fungus (Figure 2).
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Figure 2. Life cycle of an AM fungus and the different phases during AM
development. (a) AM fungal spores germinate independently, but host root-
derived strigolactones induce extensive hyphal branching to ensure root contact.
Hyphae penetrate the root cortex, forming arbuscules that facilitate nutrient
exchange (phosphate for carbohydrates), with fungi relying on hosts due to
obligate biotrophy (From Akiyama, 2007). (b) the AM fungal life cycle includes
spore germination, hyphopodium formation for root entry, and development of
arbuscules or hyphal coils in the cortex. Extraradical mycelium absorbs soil
nutrients, intraradical mycelium enables nutrient exchange, and new spores form
to complete the cycle (From Biicking et al., 2012). These stages illustrate chemical
signaling and infection dynamics in AM symbiosis.

(a) Asymbiotic phase

The asymbiotic phase of AM fungi does not necessitate the presence of a plant. It
begins with the germination of a spore under favorable biotic and abiotic
conditions, such as suitable soil moisture, pH, temperature, mineral nutrients, and
the presence of soil microorganisms (Juge et al., 2002; Bonfante, 2003;
Tamasloukht et al., 2003; Bécard et al., 2004; Bianciotto et al., 2004; Bais et al.,
2006; Dalpé et al., 2005; Besserer et al., 2006; Verdin et al., 2006; Souza, 2015).
These conditions allow the spores to germinate and initiate hyphal growth
(Giovannetti, 2000). Spores have sufficient reserves (i.e., lipids) for the
development of a germ tube (Dalpé et al., 2005).

During this phase, the volumes of the spore increase slightly due to the absorption
of water and nutrients, which also increases the synthesis of RNA, proteins, amino

9
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acids, carbohydrates, organic acids, lipids, and polysaccharides (Siqueira et al.,
1985; Spain et al., 2006). This metabolic surge leads to increased nuclear division,
vesicles production, and cytoplasmic movement (Bécard et al., 2004). The germ
tube protrudes from the spore under the effect of physical pressure exerted on the
inside of the spore walls (Oehl and Sieverding, 2004). This stage involves the
conversion of lipids, glucose, and fructose into trehalose and amino acids such as
arginine and glutamine (Kuga et al., 2008) and into phospholipids (Beilby, 1983).

The asymbiotic mycelium has limited growth (Bécard et al., 2004; Dalpé et al.,
2005) and in the absence of a root, undergoes senescence, septum formation, and
autolysis (Oehl et al., 2008; Gamper et al., 2009). Conversely, if a connection with
plant roots is established, the pre-symbiotic phase is initiated.

(b) Pre-symbiotic phase

The pre-symbiotic phase begins when a germ tube receives signals from a suitable
host plant and releases Myc factors (MFs — lipochitooligosaccharides and
chitooligosaccharides) in return (Zs6gon et al., 2008; Kiriachek et al., 2009). The
host plant secrete branching factors mainly strigolactones such as 5-deoxystrigol,
which promote the growth of the asymbiotic mycelium towards the root through
chemotropism (Buée et al., 2000; Yoneyama et al., 2007; Zsdgon et al., 2008).
The presence of P also influences this phase depending on the host plant’s
nutritional status, highlighting the dependency of the pre-symbiotic phase on the
host plant (Tawaraya et al., 1998).

Upon the release of strigolactones by the host, the asymbiotic mycelium begins to
grow towards the root surface. Strigolactones, when present in high
concentrations in the rhizosphere, enhance mitochondrial function which are vital
for energizing the mycelium through improved respiration, lipid catabolism, and
protein synthesis (Akiyama et al., 2005; Besserer et al., 2006). Proteins such as
Ginl and P14-3-3 play significant roles in these processes. Ginl interacts with
membrane proteins to amplify nuclear signals (Requena et al., 2007), while P/4-
3-3 enhances ATPase activity, ion channel function, and increases H" efflux, thus
generating substantial energy and creating an electrochemical gradient (Porcel et
al., 2006; Ramos et al., 2009).

This electrochemical gradient is crucial for the influx of cations (Ca?*, K*),
glucose, and inorganic P, which facilitate ATP synthesis and the storage of P in
vacuoles as polyphosphates, thereby promoting mycelium growth (Requena et al.,
2003; Porcel et al., 2006; Ramos et al., 2008, 2009). In response to strigolactones,
AM fungal cells produce MFs, initiating hyphopodium formation and
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transitioning to the symbiotic phase. MFs production can occur either near the
contact point in a DMI (does not make infection—required gene to start symbiotic
phase)-dependent manner or away from it through diffusion (DMI-independent)
(Tamasloukht et al., 2003; Lanfranco et al., 2005). The DMI-dependent
mechanism relies on the common symbiotic signaling pathway (CSSP), involving
DMI genes (DMI11, DMI2/SYMRK, DMI3) in legumes, which encode components
critical for perceiving fungal Myc factors and initiating calcium spiking at contact
points, such as root hairs or epidermal cells (Catoira et al., 2000). Conversely,
DMlI-independent mechanisms allow residual colonization in mutants lacking
functional DMI genes, as observed in tomato reduced mycorrhizal colonization
(rmc) mutants, possibly through diffusion-driven processes or alternative
signaling involving GRAS transcription factors like MtGras4 (Nair and and
Bhargava, 2012; Hartmann et al., 2019). While the DMI-dependent pathway
dominates early infection, the DMI-independent route may support later-stage
colonization, though its molecular basis and prevalence across non-legume
species remain under investigation.

(c) Symbiotic phase

The symbiotic phase begins when the hyphae emerging from the hyphopodium
enters the root via a pre-penetration apparatus, guiding him through the root
epidermal cells and colonizing the root cortex (Biicking et al., 2012). This phase
is marked by extensive intercellular hyphal growth and the formation of
arbuscules, which are highly branched structures surrounded by the plant plasma
membrane that serve as the nutrient exchange interface (Genre and Bonfante,
2010). Arbuscules are ephemeral structures, which life span are typically 4-5 days
(Bonfante and Genre, 2010).

Within the root cortex, AM fungal colonization develops into two distinct patterns,
Arum-type and Paris-type (Figure 3), shaped by the interplay of host plant types,
root morphology, and environmental conditions. These patterns are influenced by
plant and fungal genetics, particularly the common symbiosis signaling pathway
(CSSP) genes like SYMRK and CCaMK, which regulate fungal accommodation,
and genes controlling root cortical structure, though specific determinants of each
type remain under study (Parniske, 2008; Paszkowski and Gutjahr, 2013). Some
plant families or species, such as Solanum lycopersicum, form both types of
arbuscules depending on fungal partners (e.g., Rhizophagus irregularis for Arum-
type, Gigaspora margarita for Paris-type) or conditions, reflecting genetic
flexibility (Yamato and Iwasaki, 2002; Matekwor Ahulu et al., 2005; Tominaga
etal., 2022). Typically, cultivated plants, such as those in Poaceae (e.g., Zea mays,
Triticum aestivum), Solanaceae (e.g., Solanum tuberosum), and Asteraceae (e.g.,
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Helianthus annuus), display Arum-type colonization, facilitated by well-aerated
cortices, while trees and forest herbs, including Aquifoliaceae, Equisetaceae, and
Araliaceae, often show Paris-type colonization due to denser cortical structures
(Dickson, 2004). Phylogenetic patterns indicate Paris-type is more common
across 39 plant families, while Arum-type dominates in 26, with 21 showing both
(Smith and Smith, 1997). Agricultural soils, with higher disturbance and nutrient
inputs, favor Arum-type colonization by upregulating genes for rapid nutrient
exchange, whereas natural soils, with less disturbance and distinct nutrient
dynamics, support Paris-type colonization, potentially via epigenetic regulation
(Priyadharsini and Muthukumar, 2015). In the Arum-type, the fungus spreads in
the root cortex by intercellular hyphae, which extend along well-developed
intercellular air spaces, and forms arbuscules in the cortical cells (Smith and Read,
2008). In the Paris-type, the fungus grows intracellularly from one cell to the next
within the cortex, forming extensive intracellular hyphal coils, with arbuscules
developing intercalary within these coils (Smith and Read, 2008). These patterns
have ecological implications: Arum-type enhances nutrient uptake in crops, while
Paris-type supports stable nutrient cycling in natural ecosystems (Tominaga et al.,
2022).

spore

appressonum

extraradical

arbuscule intercellular

il vesicle
vesicle hyphae

arbusculate

. coils
hyphal coils [

Arum-type Paris-type
Figure 3. Arbuscular mycorrhizal fungal structures showing Arum- and Paris-
types. Arum-type features intercellular hyphae forming intracellular arbuscules,
prevalent in Poaceae, Solanaceae, and Asteraceae due to fibrous roots. Paris-type
involves intracellular hyphal coils with intercalary arbuscules, common in
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Aquifoliaceae, Equisetaceae, and Araliaceae with coarser roots. (From
Priyadharsini and Muthukumar, 2015)

Several genera of AM fungi, including Rhizophagus, Glomus, and Acaulospora,
form inter- or intracellular vesicles (Figure 1b) and spores within the roots,
functioning as storage or reproductive structures (Declerck et al., 1998; Smith and
Read, 2008). Vesicles are characterized by thin, non-occlusive walls and a
balloon-like shape, while intraradical spores are distinguished by their thick,
occlusive walls emanating from the subtending hypha (Smith and Read, 2008).
Conversely, Gigaspora and Scutellospora genera do not produce vesicles, and
Acaulospora spp. do not form spores in roots (Walker et al., 2018).

Following the establishment of the symbiosis, fungal hyphae emerge from the
roots and extend into the soil, developing into a dense extraradical mycelium
(ERM) network predominantly comprising hyphae and spores. This network
plays a crucial role in nutrients uptake and transport to the host root (Biicking et
al., 2012). AM fungal spores are formed either individually or in clusters. In
certain species, such as Glomus clavisporum, Glomus sinuosum, and Glomus
taiwanensis, these clusters are enveloped by a hyphal rind, forming a sporocarp,
a type of fruiting body (Panna and Highland, 2010). The ERM is coenocytic,
exhibiting unlimited growth and developing “branched absorbing structures” on
short terminal hyphae which are thought to play a key role in nutrients uptake
(Bago et al., 1998).

In species, such as Gigaspora rosea, Cetraspora gilmorei, Scutellospora
calospora, and Dentiscutata reticulata, the ERM produces auxiliary cells (Figure
4), which are clusters of small (approximately 10—20 pum), spiny, knobbed, or
smooth structures (Walker et al., 2018). Although the exact functions of auxiliary
cells remain unclear, they are hypothesized to act as carbon storage organs or
propagules to initiate a novel life cycle (Declerck et al., 2004).
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Figure 4. Auxiliary cells. (A) Spiny cells of .Gigaspora rosea. (B) Knobby cellé
of Cetraspora gilmorei. (C) Single smooth cell of Scutellospora calospora. (D)
Clustered smooth cells of Dentiscutata reticulata. (From Walker et al., 2018)

1.3. Impact of the association between AM fungi and plants on the carbon
cycle and plant nutrition

1.3.1. Carbon resources for the AM fungus and soil cycle

AM fungi are obligate symbionts that rely entirely on their host plants for carbon
sources, utilizing between 4% and 25% of the photosynthates produced by the
plant during photosynthesis (Hobbie, 2006). The primary form of carbon
transported from the plant to the AM fungus is sucrose, which is subsequently
cleaved into hexose sugars, as AM fungi lack the metabolic capacity to process
sucrose directly (Pfeffer et al., 1999; Wipf et al., 2019). This cleavage occurs in
the peri-arbuscular membrane, where specific sucrose transporters and
monosaccharide transporters facilitate the movement of carbon from root cells to
fungal cells (SchiiBller et al., 2006; Helber et al., 2011). Once inside fungal cells,
hexose sugars provide the necessary energy and carbon skeletons to sustain fungal
growth and development of extraradical hyphae. In return, AM fungi play a vital
role in improving the nutrient acquisition of their host plants, facilitating the
uptake of less mobile soil nutrients like P, zinc, and copper.

14
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In addition to sugars, recent findings have demonstrated that lipids also serve as
critical carbon resources for AM fungi. Unlike plants, AM fungi lack the multi-
domain fatty acid synthase complex required for de novo lipid synthesis, making
them entirely dependent on their host for fatty acids (Wewer et al., 2014; Bravo
et al., 2017). During the symbiotic phase, fatty acids synthesized by the plant are
transferred to the arbuscules through a highly coordinated process involving lipid
biosynthesis enzymes, such as RAM?2 and FatM, and transport proteins like STR
and STR2 (Wang et al., 2012a; Bravo et al., 2017). These lipids provide an
energy-dense source of carbon, supporting the robust growth and metabolic
demands of AM fungi, particularly in the development of hyphae and production
of spores (Parihar et al., 2020). This lipid-based carbon transfer is hypothesized
to explain, at least in part, the obligate biotrophic nature of AM fungi, as lipids
provide a more efficient energy source compared to carbohydrates.

AM fungi make a significant contribution to the carbon cycle by introducing large
quantities of organic matter into the soil. In particular, extraradical hyphae
contribute between 54 and 900 kg-ha™! of organic carbon to the soil, depending
on the ecosystem (Miller et al., 1995). The composition of these hyphae,
particularly the presence of recalcitrant chitin in their cell walls, enhances their
resistance to microbial decomposition (Zhu and Miller, 2003). The study by
Gleixner et al. (2002) indicates that chitin-derived residues can persist in the soil
for an average of 49 £ 19 years, thus significantly contributing to the long-term
storage of carbon in the soil. In addition to hyphal biomass, AM fungi produce a
glycoprotein-like substance (i.e. glomalin) that play an important role in carbon
sequestration (Zhu and Miller, 2003). Glomalin also improves soil aggregation by
acting as a “biological glue”, stabilizing soil particles into macroaggregates that
physically protect organic matter from microbial degradation (Rillig et al., 2003).
This stabilization not only slows down the decomposition of carbon compounds,
but also encourages their persistence in the soil for long periods, with glomalin-
bound soil proteins having residence times ranging from 6 to 42 years (Rillig et
al., 2001).The role of AM fungi in carbon dynamics extends to their interactions
with other soil organisms. For example, the exudation of carbon compounds by
hyphae influence the microbial communities, potentially favoring or inhibiting
the decomposition of soil organic matter, depending on the environmental context
(Hodge et al., 2001; Cheng et al., 2012).

As a conclusion, by contributing to soil microbial biomass and promoting soil
aggregation, AM fungi indirectly regulate carbon fluxes within the soil system,
ensuring that carbon is retained in more stable forms, reducing its return to the
atmosphere as CO». Collectively, these processes underline the multifaceted role
of AM fungi in enhancing soil carbon storage and mitigating the effects of climate
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change by supporting long-term carbon sequestration in terrestrial ecosystems

(Treseder and Allen, 2000; Rillig, 2004).

1.3.2. Plant nutrition

AM fungi play a crucial role in plant nutrition (Brundrett and Tedersoo, 2018).
They assist plants in acquiring essential nutrients, such as P and N, through their
extensive extraradical hyphae exploring the soil far beyond the rhizosphere (i.e.,
the mycorrhizosphere — Figure 5) in exchange for sugars and lipids (see above).
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Figure 5. Mycorrhizal-independent pathway versus mycorrhizal-dependent
pathway for nutrients uptake and interactions with microflora. The extraradical
mycelium 1 and 2 correspond either to two different arbuscular mycorrhizal
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fungal species or two isolates from the same species. The extraradical mycelium
is an extension of the root system, exploring soil that is not accessible to the root
system. Some bacteria interact with the extraradical mycelium to mobilize
nutrients. Leguminous plants have two different root symbioses: arbuscular
mycorrhizal symbiosis and rhizobia. (From Wipf et al., 2019).

Soil P is generally bound in organic molecules or on mineral surfaces or to poorly
soluble salts, making it difficult for plants to access (Rausch and Bucher, 2002).
Plants typically absorb inorganic phosphorus (Pi) as orthophosphates from the soil
solution through specific phosphate transporter proteins located in their roots.
This is named the direct uptake pathway (Wipf et al., 2019). Upon colonization
by an AM fungus, a mycorrhizal uptake pathway is initiated, allowing plants to
access Pi beyond the depletion zone of roots (Wipf et al., 2019). However, AM
fungi lack the capacity to mineralize organic P due to the absence of genes
encoding phosphatases or phytases, as revealed by genomic analyses of species
such as R. irregularis (Tisserant et al., 2013). They rely on microorganisms, such
as phosphate-solubilizing bacteria (PSB), living on the surface of their ERM to
hydrolyze organic P into inorganic forms, thereby increasing soil organic P
turnover (Zhang et al., 2018a). AM fungi may enhance this process by
transporting PSB to organic P-rich zones, with the efficacy of this interaction
varying across soil types due to differences in pH and mineral composition (Shen
et al., 2011; Jiang et al., 2021). While some studies suggest AM fungi may
indirectly enhance organic P utilization by stimulating microbial activity (Joner
and Jakobsen, 1995), the prevailing view is that they primarily function in the
uptake and transport of Pi. Soil pH influences P availability, particularly for Pi,
by affecting the solubility of phosphate minerals, such as calcium phosphates in
neutral to alkaline soils or aluminum/iron phosphates in acidic soils (Shen et al.,
2011). However, acidification alone is insufficient for organic P mineralization,
which requires enzymatic hydrolysis by microbial phosphatases (Margalef et al.,
2017). AM fungi may secrete organic acids to slightly alter the pH of their hyphal
microenvironment, but this primarily enhances Pi solubility rather than organic P
mineralization (Bago et al., 2003). The Pi absorbed by the extraradical hyphae is
translocated to the intraradical hyphae and then released into the periarbuscular
space in arbuscule-containing cells. This transfer is facilitated by specific
phosphate transporters such as the Na*/Pi transporter RiPT5, identified in
Rhizophagus irregularis, which export Pi from the fungal cytoplasm into the
apoplastic space at the arbuscule interface (Garcia et al., 2016). On the plant side,
the Pi is taken up through phosphate transporters from the PHT! family, such as
MtPT4 in Medicago truncatula, located in the periarbuscular membrane. MtPT4
plays a crucial role in Pi uptake from the periarbuscular space into the plant
cortical cells (Javot et al., 2007), a process energized by a proton gradient
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generated by H*-ATPases. In AM-colonized roots, the plasma membrane H*-
ATPase gene is co-expressed with these PHT1 transporters to facilitate Pi uptake
(Wipf et al.,, 2019). This coordinated interplay between fungal and plant
transporters underscores the role of AM fungi in delivering Pi, compensating for
their inability to mineralize organic P. The proper functioning of these
transporters is essential not only for phosphate acquisition but also for maintaining
the integrity and lifespan of the arbuscule (Breuillin-Sessoms et al., 2015).

In addition to P, AM fungi considerably improve N acquisition by plants,
potentially supplying up to one-third of the protein N in roots (Govindarajulu et
al., 2005). The AM fungal hyphae absorb both inorganic N (ammonium and
nitrate) and organic N (amino acids and peptides), converting them into arginine
for transport to host roots without carbon links (Govindarajulu et al., 2005; Courty
et al., 2015). Nitrate uptake is mediated by specific transporters such as those in
the NPF, NRT2, and NRT3 families, with GiNT, a high-affinity NRT2 transporter
in AM fungi, playing a key role in nitrate acquisition and regulation at the
symbiotic interface (Jimtgard et al., 2010; Tian et al., 2010; Koegel et al., 2015).
Conversely, ammonium is actively transferred by AM fungi to the periarbuscular
space of arbuscules, facilitated by AMT transporters (Kobae et al., 2010; Koegel
et al., 2013, 2015, 2017). Among these transporters, GintAMTI and GintAMT?2
are crucial for ammonium uptake and retrieval in R. irregularis, while GintAMT3
mediates symbiotic ammonium transfer, a process tightly linked to carbon
availability (Lopez-Pedrosa et al., 2006; Pérez-Tienda et al., 2011; Fellbaum et
al., 2012; Calabrese et al., 2016). The AM fungi also assimilate organic N from
amino acids and small peptides via transporters such as GmosAAP1 and RiPTR2,
highlighting their role in symbiotic N transfer and soil nutrient uptake (Jin et al.,
2005; Cappellazzo et al., 2008; Casieri et al., 2013; Belmondo et al., 2014).

Beyond nutrient acquisition, AM fungi may enhance plant growth by producing
plant hormones. Studies show that R. irregularis synthesizes cytokinins (e.g.,
isopentenyl adenosine), auxins (e.g., indole-3-acetic acid (IAA)), gibberellins
(e.g., gibberellin A4), and ethylene, detected in spore exudates via mass
spectrometry (Pons et al., 2020). Auxins promote lateral root formation and
arbuscule development, increasing colonization sites and nutrient exchange
efficiency (Etemadi et al., 2014; Pons et al., 2020). Cytokinins enhance nutrient
allocation to colonized roots by stimulating cell division, strengthening the
symbiotic sink (Pons et al., 2020). Ethylene, often a negative regulator of
mycorrhizal formation, may modulate symbiosis under specific conditions, such
as high phosphate levels (Liao et al., 2018). However, genomic analyses suggest
AMF lack complete hormone biosynthetic pathways, indicating potential indirect
modulation through plant gene regulation or interactions with soil microbes
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(Tisserant et al., 2013). AMF also influence stress-related hormones like jasmonic
acid, enhancing plant resilience to environmental stresses (Pozo et al., 2015).

The efficiency of nutrient transfer is regulated by internal ammonium and
glutamine concentrations, as well as the overall N and P status of both partners,
reflecting the intricate interplay between nutrient availability and AM fungal
activity (Drechsler et al., 2018). Furthermore, nutrient availability in the soil
strongly influences AM fungal colonization and the mutual benefits of the
symbiotic relationship. High levels of P and N can suppress AM fungal
colonization and reduce nutrient exchange efficiency (Ngwene et al., 2010;
Piischel et al., 2017). Conversely, nutrient deficiencies can enhance symbiotic
interactions, improving nutrient uptake and promoting plant growth (Bonneau et
al., 2013).

1.4. The hyphosphere of AM fungi
1.4.1. Generalities

The hyphosphere is defined as “the narrow region of soil around the hyphae
where the physical, biological and biochemical conditions are different from the
bulk soil due to the influence of hyphal exudates” (Zhang et al., 2022). This zone
comprises the endo-hyphosphere (inner hyphosphere) and exo-hyphosphere
(outer hyphosphere), with the latter further divided into the hyphoplane (hyphal
surface) and ecto-hyphosphere (hyphosphere soil) (Faghihinia et al., 2023 -
Figure 6). Although these subdivisions exist, it is important to note that they form
a continuum without clear demarcation. The hyphosphere is characterized by
complex interactions between fungal hyphae, soil minerals (as a reservoir of
nutrients), organic compounds, gases, soluble compounds (e.g., ions and small
organic molecules derived from hyphal exudates or microbial activity), and active
microbial communities. The hyphae of AM fungi release exudates containing
various compounds, including sugars and amino acids, as well as AMF-specific
compounds such as strigolactones and MFs, which are critical for initiating
symbiotic interactions with host plants (Maillet et al., 2011; Genre et al., 2013).
These exudates attract and stimulate soil microorganisms such as bacteria and
micro-eukaryotes (Jiang et al., 2021; Luthfiana et al., 2021). Notably, the
composition of these exudates varies depending on environmental conditions (e.g.,
P availability) and AMF species, influencing the hyphosphere’s ecological
functions (Kikuchi et al., 2014; Emmett et al., 2021). These hyphae provide a
high-energy microhabitat for these microorganisms and facilitate their dispersal
throughout the soil due to their ability to penetrate soil micropores and forage for

19



STATE OF THE ART

spatially and temporally heterogeneous nutrient resources (Jansa and Hodge, 2021;
Jiang et al., 2021).
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Figure 6. A schematic representation of the arbuscular mycorrhizal fungus
hyphosphere, which can be separated into endo-hyphosphere (inner hyphosphere,
intracellular space) and exo-hyphosphere (outer or extracellular hyphosphere).
Exo-hyphosphere can further be divided into hyphoplane (hyphal surface) and
ecto-hyphosphere (i.e., hyphosphere soil) (From Faghihinia et al., 2023)

Scanning electron microscope imaging and experimental studies have shown that
some bacterial species (e.g., Bacillus cereus, Bacillus velezensis, Paenibacillus
brasilensis, Pseudomonas fluorescens, Rahnella aquatilis) can firmly attach to the
surface of AM fungal hyphae, such as Rhizophagus intraradices and Glomus
dussii (Bianciotto et al., 2001; Artursson and Jansson, 2003; Toljander et al., 2006;
Jansa and Hodge, 2021; Anckaert et al., 2024). In addition, some of these bacteria
(e.g., R. aquatilis and B. velezensis) can migrate along the water film formed on
the ERM of R. irregularis, using them as “fungal highways” (Jiang et al., 2021;
Anckaert et al., 2024). This movement is crucial for bacterial ecological
competence and competitive success, given the numerous factors that limit their
mobility and dispersal in soil (Otto et al., 2017; Jiang et al., 2021; Junier et al.,
2021). The fungal highway not only facilitates bacterial movement but also
enables contact between prey (e.g., bacteria) and their predators (e.g., protists),
thus shaping microbial communities and soil food webs (Otto et al., 2017; Junier
et al., 2021). While these observations have been made in some fungal groups
using novel tools such as 3D-printed microfluidic devices or controlled
microcosm systems, similar studies on AM fungi still require further in-depth
exploration (Aleklett et al., 2018; Zengler et al., 2019; Abeysinghe et al., 2020;
Novak et al., 2024).
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The AM fungal hyphosphere serves multiple functions in soil processes. It is an
energy-rich habitat for microorganisms, facilitates microbial dispersal through the
soil matrix, enables contact between prey and predators, selectively recruits
beneficial microorganisms, and stimulates bacterial metabolic activities to
degrade soil organic matter (Faghihinia et al., 2023). For instance, some
microorganisms associated to AM fungal hyphae produce extracellular lytic
enzymes that degrade soil organic matter, releasing nutrients that the AM fungi
can then exploit for its own needs (Zhang et al., 2018a; Rozmos et al., 2022). This
has been reported, under in vitro conditions, with a phosphate solubilizing
bacterium (PSB — R. aquatilis) dwelling at the surface of hyphae, releasing high
amounts of phosphatases to mineralize organic P into inorganic P accessible for
the AM fungus, forming a reciprocal interaction that supports mutual nutrient
exchang (Zhang et al., 2018a). Furthermore, evidence suggests that AM fungi can
alter the microorganism’s physicochemical environment by efficiently acquiring
and exporting nutrients such as N and P from rich patches and importing fresh
carbon into the microorganism’s microhabitats (Nuccio et al., 2013; Zhang et al.,
2014; Bukovska et al., 2018; Wang et al., 2019). These functions allow the
hyphosphere and its associated microbial community to play a disproportionately
large role in soil processes relative to their physical size, particularly in nutrient
cycling and organic matter decomposition.

1.4.2. Impact of hyphosphere on microbial communities

The hyphosphere of AM fungi hosts a microbiome that differs significantly from
the one of the mycorrhizosphere, rhizosphere, and bulk soil (Figure 7) (Gahan
and Schmalenberger, 2015; Zhang et al., 2018b; Veresoglou et al., 2019; Zhou et
al., 2020). A recent study has suggested the existence of a “core AM fungal
hyphosphere microbiome” that remains relatively constant across AM fungal
species and soil conditions (Emmett et al., 2021). This microbiome is
predominantly composed of bacteria both in terms of species diversity and
biomass (Bukovska et al., 2021). Four phyla are typically dominating this core
microbiome: Pseudomonadota (synonym Proteobacteria), Actinomycetota (or
Actinobacteria), Gemmatimonadota, and Bacteroidota (synonym Bacteroidetes).
Despite this consistency at the highest taxonomic level, substantial variation
exists at genus and species level, possibly reflecting the environmental context or
functional redundancy in the interactions between AM fungi and microorganisms.
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Figure 7. Interactions between AM fungal hyphae and microorganisms in the
hyphosphere. Adapted from the review paper of Faghihinia et al. (2023), this
figure outlines known and hypothesized interactions within the AM fungal
hyphosphere microbiome. The numbered points below describe key processes
occurring in this dynamic environment: (1) Carbon transfer: AM fungal hyphae
deliver plant-derived carbon (e.g., fructose, glucose, trehalose) to soil
microorganisms, shaping microbial communities. (2) Selective enrichment of
bacteria: AM fungi selectively enrich bacterial taxa (e.g., Bradyrhizobium,
Pseudomonas, Burkholderia) and other specific groups. (3) Support for fungal
growth: Bacteria (e.g., Rhizobiales, Bacillales) aid AM fungal spore germination
and hyphal growth. (4) Nitrogen cycling via protists: Protists enhance nitrogen
release from bacterial biomass, influencing microbial communities. (5) Bacterial
movement: Motile bacteria migrate along nutrient-enriched AM fungal hyphal
networks, often termed ‘“fungal highways”. (6) Bacterial association with
hyphae: Certain bacteria responds positively to AM fungal hyphae, either
attaching to their surfaces or swimming in the surrounding water film. (7)
Silicium-mediated P solubilization: Silicium-supported bacterial interactions
boost P availability for AM fungi. (8) Organic nitrogen acquisition: AM fungi
acquire organic N with microbial assistance. Such interactions can be cooperative
or antagonistic, depending on nutrient patch quality. (9) Phosphorus
mineralization by alkaline P-producing bacteria: AM fungi promote the
enrichment of bacteria with alkaline phosphatase activity, facilitating the
mineralization of organic P and increasing P turnover in the hyphosphere. (10)
Fructose-driven phosphorus release: Fructose exuded by AM fungi serves as
both an energy source and a signaling molecule for phosphate-solubilizing
bacteria, promoting P release and mineralization. (11) Bacterial transfer via
common mycorrhizal networks (CMNs): CMNs, which interconnect plants of
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the same or different species, enable bacterial transfer between plants. For
example, Bradyrhizobium diazoefficiens, an N-fixing rhizobial strain, can migrate
into legume roots via rhizodermal cracks along AM fungal hyphae. (12) Sulfur
mobilization: Certain hyphosphere bacteria, including members of
Gammaproteobacteria and Actinobacteria, facilitate the mobilization of
organically bound sulfur, enhancing sulfur uptake by AM fungi and plants.

The composition of the hyphosphere microbiome is influenced by various factors,
including AM fungal species, soil physico-chemical characteristics, nutrient
availability, and plant root exudates, which recruit beneficial microorganisms,
enhance nutrient cycling, and modulate microbial activity (Agnolucci et al., 2015;
Bukovska et al., 2016; Guyonnet et al., 2018; Vives-Peris et al., 2020; Zhou et al.,
2020; Steinauer et al., 2023). Nutrients availability, particularly P and N, plays a
crucial role in this process. Changes in P supply can alter the composition of
hyphal exudates, influencing bacterial recruitment and microbial community
dynamics (Luthfiana et al., 2021). Organic P has been shown to increase bacterial
abundance and AM fungal hyphal biomass (Jiang et al., 2021). Nitrogen
availability also affects microbial populations, with AM fungal hyphae reducing
certain microbial groups, such as ammonia-oxidizing bacteria, through
competition for ammonium ions (Nuccio et al., 2013; Bukovska et al., 2018).
These interactions, determined by the availability of nutrients, are highly context-
dependent and are shaped by environmental conditions and the nutrient status of
the hyphae of the AM fungus and host plants. For example, Wang et al. (2019)
reported significant changes in the alkaline phosphatase-hosting bacterial
community in response to different forms of P, with a higher relative abundance
of Pseudomonas species in phytin treatments compared to KH>PO4 and control
treatments.

Different AM fungal species connected to the same plant recruit distinct microbial
communities in their hyphosphere, reflecting both specificity and systematic
patterns in microbial recruitment. For example, Zhou et al. (2020) demonstrated
that in a split-root rhizobox system on cotton (Gossypium hirsutum L.), F.
mosseae, G. margarita, and R. intraradices recruited different microbial
communities. These differences were attributed to variations in hyphal density,
13C abundance, and bacterial OTU richness, and predicted microbial functions,
highlighting the selective influence of each fungal species. Such selective
recruitment patterns were likely attributed to variations in the composition of
hyphal exudates and developmental traits among AM fungal species, as well as to
the influence of plant-derived root exudates, which play a crucial role in shaping
the microbial community in the hyphosphere (Zhalnina et al., 2018; Luthfiana et
al., 2021; Wang et al., 2022).

23



STATE OF THE ART

Building on this, Emmett et al. (2021) demonstrated that while R. irregularis and
G. versiforme recruited distinct microbial communities, certain bacterial taxa,
such as Betaproteobacteriales and Myxococcales, were consistently enriched
across fungal species, suggesting that AM fungi systematically recruit specific
microbial groups under the same plant background. Jin et al. (2024) further
corroborated this by highlighting that Streptomyces species, along with other
bacterial taxa, were systematically present in the hyphosphere of different AM
fungi under the same plant background. These bacteria not only enhance
phosphorus solubilization and organic carbon cycling but also benefit from fungal
exudates, creating a mutualistic relationship that supports fungal growth and
nutrient acquisition. Together, these findings reveal a unifying pattern in
microbial recruitment, where AM fungi selectively shape the hyphosphere
microbiome while maintaining consistent enrichment of functionally important
bacterial groups.

These studies collectively illustrate that AM fungi influence hyphosphere
microbial communities through a dual mechanism: recruiting unique microbial
taxa via fungal-specific traits and hyphal exudates, while simultaneously fostering
systematic enrichment of certain bacterial groups, such as Streptomyces. This
interplay between fungal specificity, systematic recruitment, and root-derived
exudates highlights the ecological significance of AM fungi in structuring and
sustaining hyphosphere microbial communities.

1.4.3. Impact of hyphosphere on interplant communication

The AM fungal hyphae form common mycorrhizal networks (CMNs) that link
plants, acting as conduits for the efficient migration of microorganisms, such as
plant growth-promoting rhizobacteria (PGPR), across soil gaps (Wang et al.,
2022). These networks enhance microbial colonization of new root systems,
further improving nutrient acquisition and disease resistance of plants (Jiang et al.,
2021; Anckaert et al., 2024). For instance, B. velezensis migrates along AM fungal
hyphae, such as R. irregularis, via chemotaxis, forming biofilms that boost
bacterial colonization of the fungal hyphae, contributing to the host plant’s
systemic resistance against above-ground pathogens (i.e. Botrytis cinerea), and
protect the hyphae from microbial competitors (Anckaert et al., 2024).

Beyond facilitating microbial dispersal, CMNs facilitate interplant signaling,
enabling the transfer of defense signals from the jasmonic acid, salicylic acid, and
ethylene pathways during stress events (Johnson and Gilbert, 2015). This
signaling activates defense genes and produces secondary metabolites, creating a
“warning system” that enhances plant community resilience. Cytoplasmic
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streaming within AM fungal hyphae and water films on the hyphal surface are the
primary pathways for signal transmission, complemented by mechanisms like
inter-hyphal space diffusion of Ca?" and reactive oxygen species, albeit with
limited efficiency (Toyota et al., 2018; Oelmiiller, 2019).

CMNs also mediate the dispersal of pathogens (Song et al., 2010; Gilbert and
Johnson, 2017), reflecting the ecological significance of CMNs in regulating
microbial dynamics and maintaining soil ecosystem balance (Alaux et al., 2020).

In addition, AM fungal hyphae exudates specific molecules, such as
carbohydrates (e.g., glucose) and carboxylates, that selectively attract microbial
taxa (e.g., R. aquatilis), improving nutrient cycling, such as P solubilization and
N fixation (Jiang et al., 2021). AM fungi preferentially support plants providing
higher photosynthetic carbon, a behavior consistent with the “fair exchange”
principle (Babikova et al., 2014; Pickles et al., 2017) and well-explained within
the framework of the biological market theory proposed by No€ and Kiers (2018).
This theory explains that mutualistic interactions, such as those between AM
fungi and plants, are governed by partner choice and dynamic resource allocation
strategies. Through this market-like mechanism, AM fungi selectively allocate
more resources to plants that supply greater carbon input, thereby optimizing trade
for mutual benefit and maintaining the stability of the mutualistic relationship.

Overall, the AM fungal CMN serves as a hub for microbial dispersal and
interplant communication, improving nutrients uptake, stress resilience, and
community-wide defense. These networks play a critical role in sustaining plant
health and ecosystem stability (Wang et al., 2022).

2. Rhizobia

2.1. Generalities

The rhizosphere, the soil zone immediately surrounding plant roots, serves as a
dynamic interface for plant-microbe interactions, hosting diverse rhizobacterial
communities that profoundly influence plant growth, soil health, and ecosystem
functionality. Rhizobacteria encompass a broad range of taxa, including N-fixing
bacteria (e.g., Rhizobium, Azotobacter, Clostridium), PGPR (e.g., Pseudomonas,
Bacillus, Azospirillum), and PSB (e.g., Pseudomonas fluorescens), each
contributing distinct mechanisms to enhance plant performance (Glick, 2012; de
Andrade et al.,, 2023a). PGPR are categorized by their functional roles:
biofertilizers fix atmospheric nitrogen via nitrogenase or solubilize phosphates
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through organic acid secretion; phytostimulators produce phytohormones such as
IAA, cytokinins, or gibberellins to stimulate root development; biocontrol agents
synthesize antibiotics (e.g., 2,4-diacetylphloroglucinol), lytic enzymes, or volatile
organic compounds to suppress pathogens or induce systemic resistance; and
stress mitigators employ enzymes like 1-aminocyclopropane-1-carboxylate
deaminase to reduce ethylene levels, alleviating abiotic stresses such as drought,
salinity, or heavy metal toxicity (Pieterse et al., 2014; Kumar et al., 2024). Recent
studies highlight the agricultural potential of PGPR, with strains like Kosakonia
radicincitans reducing chemical fertilizer use while increasing maize yield under
field conditions (de Andrade et al., 2023b). Additionally, rhizobacteria modulate
rhizosphere microbial communities, enriching beneficial taxa (e.g., Bacteroidetes,
Proteobacteria) to improve soil structure and nutrient cycling (Bulgarelli et al.,
2013; Trivedi et al., 2020). Within this diverse group, rhizobia represent a
specialized subset that form N-fixing nodules with legumes, a symbiotic process
central to this review and interconnected with AM fungal symbiosis through
shared signaling pathways.

Nitrogen is an essential element for all living organisms as it forms a fundamental
component of amino acids, proteins, and nucleic acids like DNA. Although
atmospheric N> constitutes 78% of the atmosphere, most organisms, including
plants, cannot directly use it. Only specific microorganisms, such as rhizobia,
actinomycetes, cyanobacteria, and some other prokaryotes, can convert
atmospheric N into bioavailable forms through biological N> fixation. Industrial
processes, such as the Haber-Bosch process (H2 + N, — NHa), are used to
produce synthetic N fertilizers. However, they contribute significantly to global
warming because of the high temperature (400—500°C) and pressure (100-200
atm) required for the chemical reactions.

Biological N fixation can be categorized into three types: symbiotic, free-living,
and associative. Symbiotic N fixation, particularly the legume-rhizobia
symbiosis, is the most emblematic. This mutualistic relationship involves the
formation of a specialized structure called a nodule, where the rhizobia fix
atmospheric N, into ammonia, providing essential nutrients to the host plant,
while the plant supplies carbohydrates to the bacteria (Pawlowski and Demchenko,
2012). The classical model plants for this symbiosis are Lotus japonicus, which
forms determinate nodules with Mesorhizobium loti, and M. truncatula, which
forms indeterminate nodules with Sinorhizobium meliloti. Free-living N> fixation
is performed by independent microorganisms such as Azofobacter and
Glucenobacter, which fix N» in the soil without associating to a plant, contributing
significantly to N availability in ecosystems (Santi et al., 2013). Associative N»
fixation occurs when bacteria like Azospirillum form loose, non-nodulating
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associations with plant roots, enhancing N> availability and promoting plant
growth (Kennedy et al., 1997).

The evolution of rhizobium symbiosis is closely associated with ancient AM
symbiosis. Both are sharing a conserved symbiotic signaling pathway known as
the common symbiotic signaling pathway (Martin et al., 2017). AM symbiosis,
which origin dates back approximately 500 million years, during the colonization
of land by plants, relies on calcium signaling pathways (e.g., CCaMK) and
transcriptional regulators adapted for nutrient exchange (Vigneron et al., 2018).
Today, an approximate of 72% of vascular plants form AM symbiosis, though it
has been independently and irreversibly lost in some lineages due to factors like
nutrient-rich environments and pathogen pressures (Brundrett and Tedersoo, 2018;
Vigneron et al., 2018). Nodule symbiosis evolved around 110 million years ago
and is limited to the N»-fixing clade (FaFaCuRo) within the Rosidae group, which
includes 10 families in orders such as the Fabales, Rosales, Cucurbitales, and
Fagales (Wang et al., 2009; Bell et al., 2010). In the Fabales, the N,-fixing bacteria
are rhizobia, while in the other orders, they are actinomycetes (Figure 8).
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Figure 8. Comparative evolution of AM fungal and nitrogen-fixing symbioses in
plants. (Left) Phylogenetic distribution of AM fungi and nitrogen-fixing
symbioses in land plants. Black branches represent plant clades capable of
forming AM fungal symbiosis, while grey branches indicate clades that have lost
or never evolved this association. Green branches are nitrogen-fixing clades, with
green arrows marking the proposed origins of nitrogen-fixing symbioses. Purple
branches highlight predisposed clades with genetic potential for nodulation. Red
arrows indicate independent evolutionary losses of the predisposition to form AM
symbiosis or nodulation, as observed in Arabidopsis thaliana (From Delaux et al.,
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2015). (Right) Evolution of bacterial uptake mechanisms within the FaFaCuRo
clade and related lineages. Key innovations, including cortical cell infection and
intracellular bacterial accommodation, are mapped onto a schematic phylogenetic
tree. CIT represent the ancestral form, evolving later into RHI and SR in legumes.
Diverse infection structures, such as FT and IT, share similar membrane and
matrix compositions, suggesting a common evolutionary origin. AM, arbuscular
mycorrhiza; PPA, pre-penetration apparatus; PIT, pre-infection thread; IT,
infection thread; FT, fixation thread; RHI, root hair infection; SR, symbiosome
release into plant cells; CIT, cortical infection thread (From Parniske, 2018).

2.2. Life cycle

The life cycle of Rhizobium (Figure 9) can be divided into three sequential phases:
the asymbiotic, pre-symbiotic, and symbiotic phases.
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Figure 9. The life cycle of rhizobia. The life cycle of rhizobia illustrates their
symbiotic interaction with legume plants, comprising: (1) Free-living: Rhizobia
survive in soil, competing with other microbes. (2) Communication: Plants release
flavonoids, inducing rhizobia to produce Nod factors for signaling. (3)
Colonization: Rhizobia attach to root hairs, causing curling to trap bacteria. (4)
Entry into root hairs: Bacteria enter via infection threads. (5) Growth down
infection thread: Threads extend into the root cortex. (6) Bacteroid differentiation
and N2 fixation: Rhizobia differentiate into bacteroids within symbiosomes,
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fixing nitrogen. (7) Release: Upon nodule senescence, rhizobia are released back
into soil, completing the cycle. (From Poole, 2024).

(a) Asymbiotic phase

Rhizobia live in complex soil microenvironments and display remarkable
metabolic versatility and genetic plasticity, enabling them to survive in a wide
range of conditions (Kaji¢ et al., 2016). They possess sophisticated genetic
regulatory mechanisms that allow them to persist as free-living organisms, using
a wide range of carbon sources and adapting to fluctuating nutrient availability
(Kaji¢ et al., 2016). Their genomic architecture includes multiple replicons,
typically a large chromosome and several smaller plasmids, which contribute to
their metabolic flexibility and environmental adaptability (Mazur and Koper,
2012). During this asymbiotic phase, the rhizobia maintains active metabolic
processes, including carbon metabolism, N assimilation, and stress response
mechanisms that prepare them for potential symbiotic interactions (Hawkins and
Oresnik, 2022). The bacterial cells actively synthesize various extracellular
polymeric substances, develop chemotactic capabilities, and maintain genetic
competence, which are critical for their subsequent host recognition and
colonization processes (Cangioli et al., 2022). Molecular studies have revealed
that even in the free-living state, these bacteria possess latent genetic elements
that can be rapidly activated in response to specific plant-derived chemical signals,
suggesting an evolutionary optimization for symbiotic potential (Pueppke and
Broughton, 1999; Poole et al., 2018) .

(b) Pre-Symbiotic Phase

The initiation of the pre-symbiotic phase is characterized by a sophisticated
molecular dialogue between rhizobia and the leguminous host plants, featuring a
complex chemical communication system that ensures precise symbiotic
specificity. The process is initiated by flavonoid compounds exuded by plant roots,
activating compatible bacterial species through complex recognition mechanisms
(Peck et al., 2006; Subramanian et al., 2007). These plant-derived secondary
metabolites interact with bacterial NodD proteins, particularly NodD1, which act
as molecular sensors capable of detecting and responding to specific chemical
signatures (Peck et al., 2006). Flavonoids bind to NodD proteins in rhizobia,
inducing the expression of nodABC genes, which are crucial for synthesizing nod
factors (NFs) (Redmond et al., 1986; Giraud et al., 2007; Subramanian et al.,
2007). These NFs, a class of lipochitooligosaccharides, are essential signaling
molecules that initiate symbiosis by triggering further biochemical pathways in
both rhizobia and the host legume (Dénarié et al., 1996; Spaink, 2000). NFs have
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an oligosaccharide backbone of N-acetyl-D-glucosamine units with a fatty acyl
group attached to the non-reducing sugar. A major determinant of host-symbiont
specificity is attributed to the different NF substituents attached to the
oligosaccharide backbone (Lerouge et al., 1990; Dénarié et al., 1996). NodD1 and
NodD2 respond to different types of plant compounds, while NodD3 can activate
nod gene expression without external inducers, especially under N-limiting
conditions (Barnett and Long, 2015). NodD proteins regulate nod gene expression
by binding to the nod box, ultimately initiating the nodule formation process
(Dusha et al., 1999).

This phase represents a critical molecular process, where both bacterial and plant
partners engage in a highly discriminative chemical dialogue that ensures the
potential for successful symbiotic interaction.

(c) Symbiotic Phase

The symbiotic phase is characterized by a complex series of molecular and
cellular events that transform free-living bacteria into symbionts specializing in
N, fixation. The process begins with root hair infection (Saeki, 2011), a
sophisticated mechanism triggered by the recognition of NFs by plant receptor
proteins NFR1 and NFRS5 (Lévy et al.,, 2004; Riibsam et al., 2023). This
recognition initiates a cascade of cellular responses, including calcium signaling,
root hair deformation, and the formation of infection threads (Szczyglowski and
Amyot, 2003; Lévy et al., 2004). The infection thread formation involves a
dynamic process of bacterial encapsulation within newly deposited cell wall
material, creating tubular structures that serve as conduits for bacterial migration
through root tissues (Gage, 2004; Gao et al., 2024).

The interaction between NFs and plant receptors triggers mitotic activation of
cortical cells, leading to the formation of the nodule primordium (Ferguson et al.,
2010). Nodule development emerges as a critical outcome of this symbiotic
interaction, manifesting in two distinct morphological types: determinate and
indeterminate nodules (Figure 10). Determinate nodules, found in species like
soybean, develop from ectodermal layer cells and exhibit synchronous bacteroid
differentiation with a limited lifespan (Saeki, 2011). Indeterminate nodules,
characteristic of alfalfa and clover, originate from endothelial layer cells and
possess a persistent meristem, allowing continuous growth and differentiation
(Saeki, 2011). The development of nodule primordia is regulated by a complex
network of transcription factors, including NSP1 (nodulation signaling pathway
1) and NSP2, and is influenced by hormonal signals, particularly ethylene, that
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control the spatial and temporal patterns of cell division (Oldroyd and Long, 2003;
Smit et al., 2005; Lohar et al., 2009; Ferguson et al., 2010).

Figure 10. Sections of determinate and indeterminate nodules. N fixing nodules
of Vigna unguiculata (A) and Leucaena leucocephala (B). Semithin sections of
nodules from V. unguiculata (C) and L. leucocephala (D). The asterisk indicates
the meristem zone of indeterminate nodules of L. leucocephala (D). Ultrathin
sections of nodules from V. unguiculata (E) and L. leucocephala (F), red
arrowheads indicate the peribacteroid membrane; and poly-3-hydroxybutyrate
granules are seen as electron-transparent droplets in the cytoplasm of bacteroids
(From Li et al., 2013).
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The formation of symbiosomes represents a pivotal molecular transformation, in
which rhizobia are enveloped by plant-derived membranes through a process
mediated by genes such as SYMRK (Udvardi and Day, 1997). Within the cortical
cells, bacteria are released from infection threads and encapsulated by a
peribacteroid membrane, initiating their differentiation into bacteroids (Udvardi
and Day, 1997). This transformation is regulated by nodule-specific cysteine-rich
peptides, which induce terminal differentiation and enhance N> fixation efficiency
(Ren, 2018).

The ultimate goal of this symbiosis is atmospheric N, fixation, achieved through
the activation of nifHDK genes encoding the nitrogenase enzyme complex (Shen
et al., 1989). Bacteroids convert atmospheric N> into ammonia, which is then
assimilated by plant enzymes such as glutamine synthase and glutamate synthase.
The nutrient exchange occurs through sophisticated membrane transport
mechanisms, with specialized transporters like Am¢B facilitating the movement of
ammonia, while plant dicarboxylate transporters provide carbon sources to the
bacteroids (Day et al., 1998).

2.3. Benefits for plant nutrition

Rhizobia not only provide N to plants through N, fixation but also play crucial
roles in increasing the availability of other essential nutrients. These bacteria
facilitate phosphate solubilization by synthesizing low molecular weight organic
acids that convert inorganic P into forms that plants can absorb (Bhattacharyya
and Jha, 2012). Effective phosphate solubilizers, such as Rhizobium
leguminosarum and S. meliloti, significantly enhance P availability to plants
(Halder et al., 1990; Halder and Chakrabartty, 1993). Additionally, certain
microbial enzymes contribute to the mineralization of organic P, further
increasing its availability (Richardson and Hadobas, 1997).

Iron, another critical nutrient, is made available to plants through the production
of siderophores by rhizobia. These siderophores sequester iron from the soil and
facilitate its uptake by plants. Species such as S. meliloti, Rhizobium tropici, and
Bradyrhizobium spp. are known to produce siderophores (Antoun et al., 1998;
Arora et al.,, 2001). This ability to enhance iron availability is particularly
important in aerobic environments where iron exists as insoluble hydroxides and
oxyhydroxides, which are not accessible to plants and microbes (Rajkumar et al.,
2010).

Rhizobia also produce phytohormones like indole-3-acetic acid, which promotes
root and shoot growth, and cytokinins, gibberellins, and abscisic acid, which
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regulate various aspects of plant growth and development (Patten and Glick, 1996;
Frankenberger and Arshad, 2020). IAA is involved in cell division, differentiation,
and vascular bundle formation and is essential for nodule formation. It has been
estimated that 80% of bacteria isolated from the rhizosphere can produce IAA
(Patten and Glick, 1996). Co-inoculating Pseudomonas with Rhizobium galegae
bv. orientalis have been reported to produce IAA that contributes to increases in
nodule number, shoot and root growth, and N content. Both environmental stress
factors and genetic factors influence the biosynthesis of IAA (Spaepen et al., 2007;
Spaepen and Vanderleyden, 2011).

In summary, rhizobia significantly enhance plant nutrition through phosphate
solubilization, siderophore production, phytohormone synthesis, and N> fixation.
They have the ability to persist in the soil and support plant growth under various
conditions.

2.4. Flavonoids

Flavonoids, a diverse class of polyphenolic secondary metabolites, are
synthesized via the phenylpropanoid pathway and characterized by a C6-C3-C6
backbone, playing pivotal roles in plant physiology, ecology, and agricultural
applications (Dixon and Steele, 1999; Kotik et al., 2023; Qiu et al., 2024).
Comprising subclasses such as flavonols (e.g., quercetin), flavanones (e.g.,
naringenin), isoflavones (e.g., genistein), and anthocyanins, flavonoids are
initiated by chalcone synthase (CHS), with subsequent modifications like
glycosylation, methylation, and hydroxylation yielding over 10,000 structural
variants that modulate solubility, antimicrobial activity, and signaling capacity
(Winkel-Shirley, 2001). In plants, flavonoids protect against ultraviolet radiation,
scavenge reactive oxygen species to mitigate oxidative stress, contribute to flower
pigmentation to attract pollinators, and act as phytoalexins to deter pathogens
(Kumar et al., 2024). In the rhizosphere, flavonoids serve as antimicrobial agents
or chemoattractants, shaping microbial communities by promoting beneficial taxa
(e.g., PGPR like Bacillus) or inhibiting pathogens (e.g., Fusarium sp.) (de
Andrade et al., 2023b). For example, quercetin enhances plant resistance to fungal
diseases, reducing reliance on chemical pesticides (Chieb and Gachomo, 2023).
Recent research underscores flavonoids’ role in modulating rhizosphere
microbiomes, with specific structures influencing bacterial chemotaxis and
community assembly (Kumar et al., 2024). In plant-microbe interactions,
flavonoids act as critical signaling molecules, mediating associations with PGPR,
rhizobia, and AM fungi, with their structural specificity and concentration
determining interaction efficiency.
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The establishment of symbiosis between rhizobia and legumes involves a
sophisticated exchange of signals, often described as a “molecular dialogue”
(Dong and Song, 2020). Flavonoids are at the heart of this dialogue. These
polyphenols are exuded by legume roots into the rhizosphere, acting as
chemoattractants for rhizobia and transcriptional activators for nod genes, which
are essential for nodule development (Brencic and Winans, 2005; Spini et al.,
2016).

Flavonoids are an important group of secondary metabolites synthesized by plants.
More than 10,000 different structures have been identified, though their
production is not uniform across all plant species (Dixon and Steele, 1999). Farag
et al. (2007) identified various flavonoids in M. truncatula, indicating that these
compounds are typical derivatives of the phenylpropanoid pathway, close to the
precursors of lignin. They exhibit variations of a fundamental structure
characterized by a C6-C3-C6 skeleton, also known as phenylbenzopyran (Figure
11) (Marais et al., 2006). Secondary modifications such as glycosylation,
methylation, and hydroxylation considerably influence their functionality,
solubility and mobility in the plant and soil environment (Dixon and Steele, 1999;
Winkel-Shirley, 2001).
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Figure 11. Simplified overview of the flavonoid biosynthesis pathway in
Medicago truncatula showing bioactive flavonoids. The overview shows the
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major classes of flavonoids that have been reported as nod gene
activators/repressors or as auxin transport inhibitors during nodulation in M.
truncatula or Medicago sativa. Structures of some of the compounds, including
coumestrol (coumestan), medicarpin (pterocarpan), quercetin (flavonol), and
chrysoeriole (flavone) are shown. Enzymes are abbreviated as follows: AMFG S-
adenosylmethionine:flavonoid 7-O-glucosyltransferase; CHI chalcone isomerase;
CHR chalcone reductase; CHS chalcone synthase; ChOMT chalcone-O-
methyltransferase; DMID 7,2’-dihydroxy-4’-methoxy-isoflavonol dehydratase;
F3’H flavonoid-3’-hydroxylase; FLS flavonol synthase; FNS flavone synthase;
FSII Flavone synthase II; IFD 2-hydroxyisoflavanone dehydratase; IFR
isoflavone reductase; IFS 2-hydroxyisoflavanone synthase; IOMT isoflavanone-
O-methyltransferase; N70G P450 cytochrome P450; VR vestitone reductase.
(From Mathesius, 2020).

In plants, flavonoids play multiple roles, influencing interactions with animals,
microorganisms, and the wider environment (Winkel-Shirley, 2001; Taylor and
Grotewold, 2005; Naoumkina and Dixon, 2008; Hassan and Mathesius, 2012).
They function as UV pigments, contribute to flower coloration attracting
pollinators, regulate certain bacterial genes, act as phytoalexins in pathogen
responses, and serve as iron chelators in the soil. They also act as chemoattractants
or repellents for plant-parasitic nematodes, as developmental regulators, as
allelochemicals and as antioxidants (Winkel-Shirley, 2001).

In legumes, flavonoid exudation is mainly limited to the elongating zone of the
root hair, where most nodules are formed (Zuanazzi et al., 1998). When
flavonoids are released into the rhizosphere, they diffuse into the rhizobial
membrane, possibly through porins (Kobayashi et al., 2004; Taylor and
Grotewold, 2005; Wang et al., 2012b). Once inside the rhizobia, flavonoids bind
to NodD proteins, which are a class of transcriptional activators of the LysR
family (Hassan and Mathesius, 2012). This binding activates the NodD proteins,
which in turn initiate the transcription of other nod genes by binding to conserved
49-bp DNA motifs known as “nod-box” promoters found in the promoter regions
of these genes (Gibson et al., 2008). NodD proteins thus act as both sensors of
plant signals and transcriptional activators of nodulation loci on symbiotic
plasmids (Redmond et al., 1986; Downie, 2010).

The first flavonoids discovered as inducer of a nod gene were luteolin, isolated
from Medicago sativa, and 7,4’-dihydroxyflavone isolated from Trifolium repens
(Redmond et al., 1986). Since then, approximately 30 nod gene-inducing
flavonoids, especially flavanones and isoflavonoids, have been identified from
various legume species (Limpens and Bisseling, 2009; Gholami et al., 2014).
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These flavonoids are effective as nod gene inducers at nanomolar to low
micromolar concentrations and stimulate bacterial nod gene expression within
minutes (Begum et al., 2001; Gholami et al., 2014).

The specificity of flavonoid signaling is partly responsible for the host specificity
of the symbiosis. The specific exudation of flavonoid mixtures by legume hosts
and the specific perception of these flavonoids by NodD proteins of different
rhizobia contribute to this specificity (Gibson et al., 2008; Skorupska et al., 2010;
Rose et al., 2012). Point mutations in nodD genes can modify flavonoid
recognition and broaden the host range (Broughton et al., 2000). Broad host range
rhizobia, such as Rhizobium sp. NGR234, have NodD proteins that respond to a
wider range of flavonoid species, including some that act as inhibitors for other
rhizobia, such as vanillin and iso-vanillin (Peck et al., 2006; Wang et al., 2012b).

Different NodD homologues within the same rhizobial strain may have different
flavonoid preferences and activation patterns. In S. meliloti, for example, NodD1
is activated by a complex extract of plant seeds or by luteolin alone, while NodD2
is only activated by the complex extract and not by purified luteolin. NodD3
modulates the expression of nod genes even in the absence of any plant factor
(Smit et al., 1992). Structural models of NodD1 have identified residues important
for inducer binding, protein multimerization, and interaction with RNA
polymerase at nod gene promoters, highlighting the complex regulation of these
proteins (Peck et al., 2013).

Species-specific flavonoids interact with NodD proteins, which have an N-
terminal ligand-binding domain that regulates the activity of the associated C-
terminal DNA-binding domain. This interaction is crucial for the initiation of nod
gene transcription. The perception of flavonoids by rhizobia is linked to an
elevation in intracellular calcium concentrations, which subsequently induces
NodD proteins for NFs expression (Moscatiello et al., 2010; Hassan and
Mathesius, 2012). This process underlines the essential role of flavonoids in
activating nod genes and facilitating the symbiotic relationship between rhizobia
and legumes.

The interaction between flavonoids and NodD proteins is further qualified by the
fact that some flavonoids also act as repressors of the nod gene in certain rhizobia.
For example, isoflavonoids like medicarpin and coumestrol negatively control NF
production in S. meliloti (Zuanazzi et al., 1998). The dual role of flavonoids in
both inducing and inhibiting nod gene expression contributes to the specificity
and regulation of the symbiotic relationship (Andersen and Markham, 2005).
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3. The common symbiotic pathway of AM fungi and Rhizobia
3.1. Flavonoids signal

Flavonoids are pivotal in regulating the symbiotic interactions between plants and
both AM fungi and rhizobia (Figure 12). These secondary metabolites act as
crucial signaling molecules in the establishment, maintenance and autoregulation
of these symbioses, often modulating the plant’s response to its symbiotic partners
in a highly specific and concentration-dependent manner. Direct evidence
supports their role, particularly in rhizobial symbiosis, where silencing flavonoid
biosynthesis genes, such as CHS in M. truncatula, significantly inhibits nodule
formation, an effect reversible by exogenous application of flavonoids like
naringenin or liquiritigenin (Wasson et al., 2006). In AM fungal symbiosis,
exogenous application of specific flavonoids, such as chrysin and luteolin,
enhances colonization in tomato plants, suggesting a stimulatory role in fungal
entry and establishment (Scervino et al., 2007).
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Figure 12. Role of flavonoids in autoregulation of nodulation and mycorrhization.
In nodulated and mycorrhizal root parts, flavonoids accumulate to induce
rhizobial nod genes, promote AM fungal hyphal branching, suppress plant
immunity, and inhibit auxin transport, facilitating nodule and arbuscule formation.
In non-nodulated and non-mycorrhizal parts, lower flavonoid levels limit
microbial colonization, maintain auxin transport, and preserve immune responses,
preventing excessive symbiosis. This differential flavonoid distribution regulates
symbiosis extent, balancing nutrient exchange costs. (From Singla and Garg,
2017).
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Flavonoids play a dual role in AM fungal symbiosis, capable of either promoting
or inhibiting fungal colonization depending on their concentration, type, and the
specific fungal partner involved (Vierheilig et al., 1998a; Subramanian et al., 2007;
Lira et al., 2015). For example, M. sativa roots treated with spores and ERM of R.
intraradices showed increased levels of coumestrol, ononin, and daidzein, and
decreased levels of formononetin during the early stages of symbiosis (Larose et
al., 2002). This dynamic adjustment of flavonoid levels suggests that the fungal
partner signals the plant to promote colonization by upregulating stimulatory
flavonoids while reducing inhibitory ones, such as formononetin (Larose et al.,
2002). Interestingly, initial accumulation of medicarpin, a defense phytoalexin,
suggest that the plant initially perceives the fungus as a potential pathogen.
However, as colonization progresses, medicarpin levels normalize, and other
flavonoids, such as coumestrol, continue to rise, reinforcing the symbiotic
relationship (Larose et al., 2002). Flavonoids also regulate systemic
autoregulation of mycorrhization, as demonstrated through split-root experiments.
In barley, alfalfa, and soybean, colonization on one side of a split-root system
suppresses colonization on the other side, suggesting a systemic feedback
mechanism mediated by flavonoids (Vierheilig, 2004; Meixner et al., 2005). For
instance, in alfalfa, systemic suppression is associated with changes in
isoflavonoid levels, such as reduced formononetin and ononin, and exogenous
application of these flavonoids can partially restore mycorrhization, indicating
their role in systemic signaling (Catford et al., 2006). In addition, in soybeans, the
super-nodulating mutant nts/007, which lacks the autoregulatory mechanism for
nodulation, also fails to regulate AM fungal colonization, suggesting a shared
signaling pathway between AM fungi and rhizobia symbioses (Meixner et al.,
2005). Flavonoids are also crucial in the symbiosis with rhizobium. They act as
signaling molecules that trigger rhizobia to produce NFs, essential for nodule
formation (Scervino et al., 2005a). For example, specific flavonoids such as
luteolin, genistein, and naringenin are potent nod gene inducers, while others, like
medicarpin and coumestrol, can inhibit nodulation in specific rhizobial strains,
highlighting the dual role of flavonoids in promoting or restricting symbiosis
depending on the context (Zuanazzi et al., 1998; Subramanian et al., 2007).
Moreover, flavones, but not isoflavones, are critical for nodulation in M.
truncatula, as silencing flavone synthase reduces nodule numbers, underscoring
the specificity of flavonoid types in rhizobial signaling (Zhang et al., 2009).
Furthermore, studies have suggested that AM fungi can induce mechanisms to
reduce inhibitory flavonoids, facilitating their establishment within the root
system (Scervino et al., 2005b).

Autoregulation of nodulation is another process mediated by flavonoids. In split-
root experiments, the application of NFs or inoculation with Sinorhizobium
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meliloti altered isoflavonoid levels in roots, with increased daidzein and decreased
formononetin, ononin, and medicarpin observed (Catford et al., 2006). These
changes suppressed nodulation in non-colonized roots, demonstrating a systemic
feedback loop regulated by flavonoids. Moreover, exogenous application of
isoflavonoids counteracted this suppression, promoting nodulation even in the
presence of autoregulatory signals (Catford et al., 2006). This systemic regulation
is likely mediated by specific isoflavonoids, as their exogenous application in
alfalfa split-root systems restores nodulation, further supporting their role in
autoregulatory signaling (Catford et al., 2006).

Interactions between flavonoids and both symbioses have practical implications.
For example, Xie et al. (1995) demonstrated that inoculation with B. japonicum
increases flavonoid concentrations in root exudates, enhancing AM fungal
colonization. This suggests a synergistic relationship where flavonoids help
coordinate the establishment of both symbioses. In soybean, Antunes et al. (2006)
found that AM fungal colonization increased root concentrations of daidzein and
coumestrol, which are involved in bradyrhizobial symbiosis, highlighting their
role in the tripartite symbiosis. However, flavonoids may act in concert with other
signaling molecules, such as strigolactones, which are critical for AM fungal
recognition, suggesting a complementary role in symbiosis establishment (Abdel-
Lateif et al., 2012).

3.2. Molecular signal

The common symbiotic pathway in legumes facilitates interactions with both AM
fungi and rhizobia, enabling efficient nutrient acquisition (e.g, P) and N fixation.
This pathway is initiated by the perception of microbial signals, such as NFs from
rhizobia and MFs from AM fungi (Figure 13), by plant LysM receptor-like
kinases (Oldroyd, 2013). SYMBIOSIS RECEPTOR KINASE (SYMRK/DMI2)
is an essential co-receptor in this process, showing autophosphorylation activity
in vitro (Endre et al., 2002; Stracke et al., 2002; Chen et al., 2012). The receptor-
like cytoplasm kinase LjNICK4 interacts with LjNFRS and shuttles to the nucleus,
where it regulates nodule number (Wong et al., 2019). In addition, the enzyme 3-
hydroxy-3-methylglutaryl-CoA reductase (HMGR) interacts with MtDMI2 and is
required for calcium spiking (Kevei et al., 2007; Venkateshwaran et al., 2015).
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Figure 13. The common symbiotic signaling pathway. In M. truncatula and L.
Japonicus, LYK3/NFR1 and NFP/NFRS5 form a receptor complex to perceive NFs.
In rice, CERK1 (homolog of LYK3/NFR1) and MYR1 (homolog of NFP/NFRS)
recognize MFs in a similar manner. Following the recognition of the symbiotic
factor, rhizobial and AM symbioses share common signaling components.
DMI2/SYMRK and RLCKs interact with the symbiotic receptor complex and
contribute to nodulation and AM symbioses. HMGR associates with
DMI2/SYMRK to promote the production of the potential second messenger
MVA. MVA somehow activates the Ca?" channels DMI1/POLLUX and
CASTOR, which may interact with CNGC15 to regulate the influx of Ca®" into
the cytoplasm from the ER lumen-perinuclear space. The Ca** ATPase MCAS
then recaptures Ca?* from the nucleoplasm and nucleus-associated cytoplasm,
thereby resetting the system. DMI1, CNGC15 and MCAS thus form a regulatory
loop to maintain continuous Ca?" spiking. The nuclear pore complex is also
required for Ca”* oscillations, but its role is unclear. CCaMK decodes Ca?* spikes
and phosphorylates the transcriptional activator IPD3/CYCLOPS. DELLA acts
as a bridge to connect IPD3 and NSP2/DIP1. NSP2/DIP1 and NSP1/RAM?2 form
different heterodimers to output nodule or AM signaling through NIN and PHR2,
respectively. MCAS is a sarco/endoplasmic reticulum Ca?" ATPase. (From Wang
et al., 2022a)
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Signal perception triggers a cascade of events, including the activation of ion
channels like DMI1/CASTOR/POLLUX and CNGC135s, which generate calcium
oscillations in and around the nucleus (Charpentier et al., 2016). These calcium
signals are modulated by nuclear pore complex components NENA, NUPS85, and
NUP133 (Figure 13) (Kanamori et al., 2006; Saito et al., 2007; Groth et al., 2010).
The ATPase MCAS, which localizes to the nuclear envelope and endoplasmic
reticulum membrane, also contributes to symbiotic calcium spiking (Capoen et al.,
2011). The calcium oscillations are decoded by CCaMK/DMI3, which
phosphorylates the transcription factor IPD3/CYCLOPS (Yano et al., 2008).
Constitutively activated CCaMK induces the spontaneous formation of nodules
and the AM-associated pre-penetration apparatus (Gleason et al., 2006; Tirichine
et al., 2006; Takeda et al., 2012).

This activation leads to the expression of key symbiosis-related genes, including
NIN and ERNI, which are crucial for both rhizobial infection and nodule
organogenesis (Singh et al., 2014; Cerri et al., 2017). NIN controls the expression
of nodulation-specific genes such as RHIZOBIUM-DIRECTED POLAR
GROWTH (RPG), CBS1, NODULATION PECTATE LYASE (NPL), and NF-YAI,
while ERN1/2 are required for the expression of ENOD11 and ENOD12, which
are also induced during mycorrhization (Journet et al., 2001; Garg and Geetanjali,
2007). The pathway also involves GRAS family transcription factors, such as
NODULATION SIGNALING PATHWAY1 (NSP1/NSP2) for nodulation and
MYCORRHIZATION 1 (RAM1) for mycorrhization, which are regulated by
DELLA proteins (Jin et al., 2016; Pimprikar et al., 2016). DELLA plays a similar
role in AM interactions, bridging interactions between M¢/PD3 and the
downstream GRAS protein DELLA INTERACTING PROTEIN1 (DIP1) to
promote AM symbiosis (Yu et al., 2014).

Common structural components like VAPYRIN and exocyst subunits are required
for the formation of infection structures in both symbioses (Murray et al., 2011;
Liu et al., 2019). The cytoskeleton plays a crucial role in these processes, with
ROP-Guanine-nucleotide Exchange Factor signaling modules interfacing with
symbiotic signaling to modulate actin dynamics (Ke et al., 2012; Gao et al., 2021).
For instance, GmNFRla phosphorylates GmGEF2a, which promotes its
activation of GmROP9, shedding light on how NF signaling directs cytoskeleton
remodeling during the re-direction of root hair growth and infection thread
formation (Gao et al., 2021).

The establishment of nutrient exchange interfaces - arbuscules for AM fungi and
symbiosomes for rhizobia - involves the recruitment of specific transporters, such
as MtPT4 for phosphate uptake in mycorrhizal symbiosis and various transporters
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for N, fixation in nodules (Javot et al., 2007; Banasiak et al., 2021). In arbuscule-
containing cells, the endoplasmic reticulum surrounds the arbuscule branches, the
Golgi bodies and peroxisomes relocate alongside the branched hyphae, and the
vacuoles become highly invaginated to accommodate arbuscules development
(Pumplin and Harrison, 2009). The plastids, the source of lipid biosynthesis,
increase in number and form a complex network surrounding the arbuscules
(Fester et al., 2001).

The extent of symbiotic colonization is regulated by a systemic feedback
mechanism known as autoregulation of nodulation, which involves CLE peptides
perceived by shoot receptors like NARK/HAR1/SUNN, triggering the production
of shoot-derived inhibitors such as miR2111 and cytokinin (Reid et al., 2011;
Sasaki et al., 2014; Gautrat et al., 2020). This regulatory system is further
influenced by nutrient availability, with nitrate-dependent CLE expression
controlled by NLP transcription factors (Lin et al., 2018; Luo et al., 2021; Nishida
et al., 2021). Recent evidence suggests that similar autoregulatory mechanisms
may also control mycorrhizal colonization, with PHR2 acting as a key regulator
orchestrating AM symbiosis and phosphate nutrient capture (Shi et al., 2021). (Shi
et al., 2021)

The evolutionary progression from mycorrhizal to rhizobial symbiosis is reflected
in the stepwise adaptation of the symbiotic membrane interface, culminating in
the highly specialized bacteroids in legume nodules (Coba de la Pefia et al., 2018;
van Velzen et al., 2018). This evolutionary legacy is evidenced in the genomes of
nodulating nonlegumes by the presence of homologs of NIN and RPG in the
actinorhizal lineages; these genes are required for infection by rhizobia but not by
mycorrhizal fungi (Griesmann et al., 2018; Wu et al., 2022).

4. Plant-AM fungi-Rhizobia

AM fungi and rhizobia are symbiotic microorganisms that establish symbiotic
relationship with leguminous plants. Dual inoculation with the two symbionts is
more beneficial for the growth and development of the host plant than single
inoculation or no inoculation, due to the synergistic effects between the AM fungi
and rhizobia (Smith, 2010), marked by an increase in N and P in the plant, and
therefore an increase in plant biomass (Pereira et al., 2019). The interaction
between AM fungi and rhizobia plays a crucial role in plant growth, nutrient
uptake, and stress resistance, but these interactions can exhibit both synergistic
and antagonistic effects depending on environmental and biological factors.

42



STATE OF THE ART

4.1. Synergistic interactions

Dual inoculation of AM fungi with rhizobia has been shown to promote plant
growth more effectively than single inoculation, enhancing N> fixation, nutrient
uptake, and plant productivity. AM fungi infection enriches root nodules,
enhancing the N-fixing capacity of host plants, while rhizobia provide N to
increase AM fungal colonization. For example, Liu and Yuan (2020) observed
improved N fixation and nutrient absorption in M. sativa co-inoculated with R.
intraradices and S. medicae. Studies on legumes such as Glycine max show that
G. rosea can upregulate nodulin genes expression, increasing root nodule
numbers (Sakamoto et al., 2019).

Dual inoculation improves plant stress and disease resistance. Under salinity
stress, it increases proline content and antioxidant activity, enhancing tolerance
(Gao et al., 2018). In cadmium-stressed soil, it promotes antioxidant enzyme
activity and enriches beneficial bacterial groups (Wang et al., 2021). Furthermore,
dual inoculation enhances soil N and P cycles, microbial diversity, and reduces
disease incidence while improving contaminated soil quality (Luna et al., 2016;
Trivedi et al., 2020). The mutualistic relationship between AM fungi and rhizobia
is attributed to several factors: AM fungi provide nutrients, enhance
photosynthesis, and improve root systems, creating more infection sites for
rhizobia. Rhizobia, in turn, provide N and induce flavonoid exudation, facilitating
AM fungal colonization. This interplay optimizes nutrient uptake and N, fixation
efficiency (Ding et al., 2016; Pereira et al., 2019; Sakamoto et al., 2019).

4.2. Antagonistic interactions

The interplay between AM fungi and rhizobia does not always lead to synergistic
outcomes. A key factor driving these mutual constraints is competition for
photosynthetically derived carbon, particularly under conditions of limited host
carbon availability (Tsimilli-Michael et al., 2000). Under such circumstances,
increased colonization by one symbiont may suppress the other. For example,
high-density rhizobia inoculation in pea reduces AM fungal colonization,
suggesting a negative correlation between extensive nodule formation and fungal
infection (Ossler et al., 2015). Similarly, Larimer et al. (2014) observed reduced
AM fungal hyphae colonization within plant roots when rhizobia invaded
Amorpha canescens, a prairie legume species.

In addition, AM fungi and rhizobia share host regulatory pathways, such as SYM
genes involved in early signal transduction and autoregulatory mechanisms that
limit the density of colonization when host resources are constrained (Ossler et
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al., 2015; He et al., 2017). These shared pathways can lead the plant to prioritize
colonization by one symbiont over the other, further exacerbating competitive
interactions. For example, the autoregulation of nodulation pathways in legumes,
which typically limit nodule formation under high N availability (Reid et al., 2011;
Sasaki et al., 2014; Gautrat et al., 2020), can indirectly affect AM fungal
colonization by altering resource allocation and hormonal signaling. This “carbon
trade-off” can lead AM fungi to shift from a mutualistic to a parasitic relationship
(Kaschuk et al., 2010).

Antagonistic interactions between AM fungi and rhizobia are highly context-
dependent and influenced by factors such as fungal and rhizobial species, host
plant genotype, soil nutrient availability, and environmental conditions (Ossler et
al., 2015; He et al., 2017). For example, in M. sativa, the competitive balance
between R. intraradices and S. medicae varies with soil P levels (Liu and Yuan,
2020). Similarly, when other nutrients, such as N, are abundant but carbon
availability is relatively limited, competition for photosynthetic carbon between
the two symbionts becomes more pronounced (Kaschuk et al., 2010). Under these
conditions, the carbon demand from dual colonization increases
disproportionately, intensifying resource competition and reducing the overall
efficiency of the symbiosis.

In summary, the interaction between AM fungi and rhizobia is highly dynamic,
capable of both enhancing and constraining plant growth and nutrient acquisition.
While dual inoculation often demonstrates significant potential to improve plant
performance through synergistic interactions, it can also lead to antagonistic
effects under certain environmental conditions. This duality highlights the need
for more comprehensive studies to determine the specific contexts in which dual
inoculation is beneficial or detrimental. Future research should focus on
elucidating the molecular mechanisms underlying these interactions, particularly
the regulatory pathways and signaling networks that mediate symbiotic
compatibility and competition. To achieve this, it is critical to employ advanced
experimental approaches, such as molecular biology techniques, real-time
imaging, and isotopic tracing, to investigate the micro-scale dynamics of carbon
and nutrient exchange between the symbionts and the host. Furthermore, systems-
level analyses, including transcriptomics, proteomics, and metabolomics, can
provide deeper insights into the metabolic and physiological shifts associated with
dual inoculation. By integrating these tools, researchers can validate the
mechanisms driving these interactions and develop predictive models to optimize
their use in agricultural systems. Ultimately, a more precise understanding of
these dynamics will enable the targeted application of AM fungi and rhizobia to
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maximize crop productivity, enhance soil health, and contribute to sustainable
agricultural practices.
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MATERIALS AND METHODS
1. Biological materials

Three microorganisms and four plants were considered for the experiments.

Rhizophagus irregularis MUCL 41833: The AM fungus Rhizophagus
irregularis (Blaszk., Wubet, Renker & Buscot) C. Walker & A. Schiifiler comb.
nov. MUCL 41833 was supplied by the Glomeromycota in vitro collection
(GINCO, Belgium, https://www.mycorrhiza.be/ginco-bel/index.php). It was
maintained in vitro on Ri T-DNA transformed roots of carrot (Daucus carota L.)
clone G3 in bi-compartmented Petri plates (90 mm in diameter), with the root
compartment (RC) filled with sterilized (121°C for 15 min) Modified Strullu-
Romand (MSR) medium (Declerck et al., 1998) and the hyphal compartment (HC)
containing the same medium without sucrose and vitamins (Figure 14). The
composition of the MSR medium is given below. The Petri plates were incubated
in the dark at 27°C until sufficient spores were produced for the experiments.

Root compartment

(RC)
Carrot hairy root
Spore
MSR medium Hyphae

Plastic Barrier
MSRMM medium

Hyphal compartment
(HC)

Figure 14. Schematic representation of the root-organ culture (ROC) system.

Sinorhizobium meliloti 2011 pHC60-GFP (Cheng and Walker, 1998): This
strain, tagged with green fluorescent protein (GFP) and resistant to tetracycline,
was provided by the VIB-UGent Center for Plant Systems Biology (Ghent
University, Belgium). The methodology for GFP tagging and use in visualizing
symbiotic interactions was adapted from previously described approaches (Cheng
and Walker, 1998). In this strain, GFP is constitutively expressed from the
plasmid pHC60, ensuring stable fluorescence for tracking during plant
interactions. It was cultured in yeast extract broth (YEB) medium containing 5
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g'L7! peptone, 5 g-L~! beef extract, 5 g'L~" sucrose, 1 g-L~! yeast extract, and 0.4
g'L7!" MgSO4-7H,0, adjusted to pH 7.5 and autoclaved at 121°C for 15 min.
Tetracycline was added post-autoclaving at 5 pg-mL~! from a stock solution (5
mg-mL™" in 50% ethanol, filter-sterilized with a 0.2 um Acrodisc Syringe Filter,
Pall Corporation, New York, USA). The bacterium was grown at 28°C with
shaking at 180 rpm until reaching ODgoo = 0.8-1.0. For inoculation, cultures were
centrifuged at 4000 x g for 10 min, resuspended in sterile phosphate-buffered
saline (PBS: 137 mM NaCl, 2.7 mM KCl, 10 mM Na;HPOj4, 1.8 mM KH,POs,,
pH 7.4) autoclaved at 121°C for 15 min, and adjusted to 9 x 10° CFU-mL"! based
on ODggo calibration (He et al., 2024).

Bradyrhizobium diazoefficiens mChe-1 (Ledermann et al., 2015): This strain
tagged with mCherry (red fluorescent protein) and resistant to spectinomycin was
provided by the VIB-UGent Center for Plant Systems Biology (Ghent University,
Belgium). Constitutive expression of mCherry was achieved using stable tagging
methods, including plasmid-based expression and chromosomal integration, as
previously described (Ledermann et al., 2015). It was cultured in YEB medium
supplemented with 50 ug-mL~" spectinomycin, prepared as a 50 mg-L~! stock in
deionized water, filter-sterilized, and added post-autoclaving. Growth conditions
were identical to S. meliloti: 28°C, 180 rpm, until ODgo = 0.8-1.0. Cultures were
harvested and diluted in PBS to 9 x 103 CFU-mL™! as described above.

The plants Medicago truncatula L., cv. Jemalong A17, Glycine max (L.) Merr.
and Plantago lanceolata L. were supplied as seeds by the South Australian
Research and Development Institute (SARDI, Australia), VIB-UGent Center for
Plant Systems Biology, Ghent University (Belgium), and ECOSEM (Corroy-le-
Grand, Belgium), respectively. These seeds were surface disinfected by
immersion in an 8% active chloride bleach solution for 15 min, followed by three
rinses with sterilized deionized water (121°C for 15 min), as per the protocol of
Dupré de Boulois et al. (2006). They were then placed in Petri plates (90 mm in
diameter, 10 seeds per plate) containing 40 mL of sterilized solid MSR medium,
and kept in an incubator (WTB binder-78532 TUTTLINGEN, Germany) at 20°C
in the dark until germination. Following germination, the plants were transferred
in a growth chamber at 22°C with 16 hours of light per day under a photosynthetic
photon flux (PPF) of 100 pmol-m=-s7!, and a relative humidity (RH) of 70%, as
detailed in Voets et al. (2005).

Solanum tuberosum L. cv Bintje was supplied in the form of in vitro propagated
plantlets by the Station de Haute Belgique in Libramont (Belgium). Nodal
cuttings were placed in sterile culture boxes (80 mm diameter, 110 mm height, 10
cuttings per box), filled with 80 mL of 4.412 g-L~' Murashige and Skoog (MS)
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medium (Table 1) (Murashige and Skoog, 1962), supplemented with 20 g-L™!
sucrose, 3 g'L7! Phytagel (Sigma-Aldrich Co.) and adjusted to pH 5.9 before
sterilization (121 °C for 15 min). Plantlets were kept in a growth chamber at 22 °C
and illuminated 16 h-d™! under a PPF of 100 pmol-m2's! and RH of 70% as
described by Voets et al. (2005).

Table 1. Concentration of stock solutions (g-L!) to prepare the Murashige and
skoog (MS) medium

Macro-elements gLt Vitamins gLt
NH4NO3 16.50 Glycine 2 %102
KNO; 19.00 Myo-Inositol 1
CaCl,-2H0O 4.40 Nicotinique acid 5x1073
MgS04.2H,0 or 3.70 Thiamine 1 x1073
MgS04-H,O 3.30 Pyridoxine 5% 1073
KH>PO4 1.70

Fe-EDTA solution  g-L-!
Micro-elements gLt FeSO4:7H,0 2.78 x 1072
H3;BO3 6.2 x 102 Na;EDTA-2H,0 3.732 x 1072
MnSO4-7H,0 1.67 x 107!
ZnSO4-7H>0 8.6 x 1072
KI 8.3 %1073
NaxMoO4:2H,0 2.5%103
CuSO4-5H0 2.5x10*
CoCl-6H,0 2.5x10%

Preparation of the MS medium:

1. Fill a 1000 mL Erlenmeyer flask with 700 mL of distilled water.
2. Add the following elements from the prepared stock solutions:

e 100 mL of the macro-element stock solution,
e 1 mL of the micro-element stock solution,

e 1 mL of the vitamin stock solution,

e 10 mL of the Fe-EDTA stock solution.

3. Add 20 g of sucrose and stir until fully dissolved.
4. Adjust the final volume to 1000 mL with distilled water.
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5. Adjust the pH to 5.9 using NaOH or KOH and HCL.

6. Add 3 g'L"! of Phytagel.
7. Autoclave the medium at 121°C for 15 minutes.
8. After autoclaving, the medium can be used immediately or stored for a few
hours at 40 — 60 °C until needed.

2. Composition of the different Modified-Strullu-Romand medium

Three culture media were used, all deriving from the MSR medium (Declerck et

al., 1998).

(1) The MSR™" medium, without sucrose and vitamins, (2) the MSR™"N with
mM N (KNOj; and Ca(NO3),-4H20 were replaced by 75.2 mM KClI and 152 mM
CaCl,-2H,0, respectively) and (3) the MSR™"“N containing half the N
concentration (1.99 mM) of the normal MSR™" medium (i.e., 37.6 mM of KNOs

and 76 mM of Ca(NOs), 4H,0O) (Table 2).

Table 2. Concentration of stock solutions (g-L) to prepare the MSR, MSR™i",
MSR™”N " and MSR™nN medium

MSR MSR™in MSR™in%N MSR™in0N
Macro-
elements
KNO; 7.6 7.6 3.8 -
KCl 6.5 6.5 6.05 12.1
KH2PO4 0.41 0.41 0.41 0.41
MgSO4-7H20 73.9 73.9 73.9 73.9
Calcium
Nitrate
Ca(NO3)2'4H2O0 359 359 17.95 -
CaCl» - - 8.435 16.87
NaFeEDTA 1.6 1.6 1.6 1.6
Micro-
elements
MnSO4-4H.0 2.45 2.45 2.45 2.45
ZnSOs TH20 2.8 x 107! 2.8x107 2.8x10"! 2.8 x 107!
H3BOs 1.85 1.85 1.85 1.85
CuSO4-5H20 2.2 %1071 22x1017  22x10"! 2.2 %1071
%13861\407024' 34x102  34x102  17x102 -
NaxMoO42H20 2.4 x 1073 2.4 %1073 2.57 x 102 4.9 x 102
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Vitamins
Ca panthotenate 1.8 x 107! - - _

Biotine 1.8 x10% - - R
Pyridoxine 1.8 x 10! - - _
Thiamine 2 x 107! - - R

Cyanocobalami 8§ x 102 - - -

Nicotinic acid 2 x 107! - - -

Preparation of culture media:
1. To prepare 1000 mL of MSR, combine the following stock solutions:

e 10 mL of the macro-element stock solution,
e 10 mL of the calcium nitrate stock solution,
e 5 mL of the NaFeEDTA stock solution,

¢ 1 mL of the micro-element stock solution,
e 5 mL of the vitamin stock solution.

2. Add 10 g of sucrose (not needed for the preparation of MSR™", MSR™"*N and
MSR™"ON) and stir until fully dissolved.

3. Adjust the final volume to 1000 mL with deionized water.

4. Adjust the pH to 5.5 using NaOH or KOH and HCL

5. Add 3 g-L! of Phytagel as the gelling agent.

6. Autoclave the prepared medium at 121 °C for 15 min under 1 bar of pressure.
7. After autoclaving, the medium can be used immediately or stored at 40 — 60 °C
for a few hours until needed.

3. Mycelium donor plant (MDP) in vitro culture system

Bi-compartmented Petri plates (90 mm diameter) were used to grow excised Ri
T-DNA transformed actively growing carrot (D. carota L. clone G3) roots and R.
irregularis as detailed by St-Arnaud et al. (1996). Briefly, in one compartment
(i.e. the root compartment — RC), 25 mL MSR medium containing 3 g-L!
Phytagel™ was added, while in the second compartment (i.e. the hyphal
compartment — HC), 25 mL MSR™" medium containing 3 g-L~! Phytagel™ was
added. An excised transformed carrot root associated with R. irregularis was
transferred in the RC and incubated in a growth chamber at 27°C in the dark.
Roots crossing the plastic barrier and growing in the HC were regularly trimmed
using sterile forceps. After ~13 weeks, a profuse ERM was observed in the HC.
Three holes, each with a diameter of approximately 2 mm, were created at even
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intervals on the side of the HC (Figure 15). Three seven-days-old M. truncatula
or S. tuberosum or G. max seedlings were transferred to the HC, with the roots on
the surface of the medium and the shoot extending outside the system. The
systems were then sealed with Parafilm (Pechiney, Plastic Packaging, Chicago,
IL 60631, USA) and the openings plastered with sterilized (121°C for 15 min)
silicon grease (VWR International, Belgium). The systems were subsequently
wrapped with opaque plastic bags to keep the AM fungus and plant roots in the
dark, while shoots developed under light conditions. The systems were transferred
to a growth chamber at 22/18°C (day/night), 70% relative humidity, a photoperiod
of 16 h-day! and an average PPF of 225 pmol-m=-s7!. After 2 weeks, the plant
were colonized by the AM fungus and used for subsequent experiments.

(a) _ (b)

e
carrot hairy root ﬂﬁ
S 5 -
MSR medium ot
74 = B
3 ey % “&

MSR™n medium

Medicago truncatula
-« or
Solanum tuberosum
or
Glycine max

Figure 15. Schematic (a) and picture (b) representation of the mycelium donor
plant (MDP) in vitro culture system

4. Evaluation of root colonization by AM fungi

Root pigmentation, including tannins and polyphenols, typically obscures the
structures of AM fungi within plant roots. To assess AM fungal root colonization,
a clearing and staining procedure is essential. Firstly, the roots are subjected to a
30-min treatment with 10% KOH at 70°C. This process facilitates cell wall
softening, cytoplasmic evacuation of cortical cells, tannin removal, and enhanced
ink penetration.

Secondly, the roots undergo a brief neutralization step using 1% HCI for 1 min at
ambient temperature. This step optimizes pH and improves affinity for the
staining solution. The staining process involves immersion in a solution of 2%
Parker Super Quink Permanent blue ink (United States) in 1% HCI for 30 min at
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70°C. After staining, the roots are preserved in a solution of lactoglycerol (1:1:1
v/v/v ratio of lactic acid, glycerol, and water).

For quantitative analysis of root colonization, we used the method described by
McGonigle et al. (1990). This method involves microscopic examination of
randomly selected root fragments, focusing on the presence of key AM fungal
structures: arbuscules, vesicles, and hyphae. The observed frequency of these
structures is used to extrapolate the overall colonization rate of the root system.

In our experiments, 300 intersections per plant root sample were examined under
a compound microscope (Olympus BH2, Olympus Optical, GmbH, Germany) at
40 X magnification. This allowed for the estimation of total root colonization
percentage (%RC), hyphae percentages (%H), arbuscules percentage (%A), and
spores/vesicles percentage (%V) (Figure 16).

Field of view Cross-hair

Figure 16. Evaluation of the AM fungal root colonization using the method of
McGonigle et al. (1990).

During microscopic analysis, various scenarios may be encountered:

In case of absence of AM fungal structure at cross-hair: note “negative-intersect”
(Figure 16A).

In case of presence of spores/vesicles or hyphae, but not arbuscules: note
“presence” of the observed structure (spores/vesicles, hyphae) (Figure 16B).
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When at the same time spores/vesicles, arbuscules and hyphae are observed in the
intersection (Figure 16C): note “presence” of spores/vesicles and “presence” of
arbuscules.

When only hyphae are observed at the intersection (Figure 16D): note “presence”
of hyphae.

Percentage of hyphae colonization (%HC), percentage of arbuscules colonization
(%AC) and percentage of spores/vesicles colonization (%VC) are then calculated
by dividing the number of intersections with the presence of hyphae or arbuscules
or spores/vesicles, respectively by the total number of intersections examined.
Total colonization (%TC) is calculated as the proportion of non-negative
intersections.

Formulas:

%AC = (mumber of intersections with the presence of arbuscules / total number
of intersections examined)*100

%HC = (number of intersections with the presence of only hyphae / total number
of intersections examined)*100

%VC = (number of intersections with the presence of spores/vesicles / total
number of intersections examined)*100

%TC = ((total number of intersections examined - “negative-intersect”)/ total
number of intersections examined)*100

5. Determination of soil hyphal density

Soil hyphal density was estimated following the method described by
Bethlenfalvay and Ames (1987) with slight modifications. In brief, fresh soil
samples, each weighing 5 g, were placed in 50 mL centrifuge tubes and suspended
in 10 mL of 0.1 mol-L™! PBS at pH 7.8. After gentle agitation, 8 mL of the
resulting suspension was transferred to a 10 mL centrifuge tube. A staining
solution comprising 2% Parker Super Quink Permanent blue ink (United States)
in 1% HCI was prepared, and 2 mL of this solution was added to each sample.
The mixture was then gently homogenized and incubated at 70°C for 20 min.
Following incubation, the samples were allowed to cool to room temperature. For
microscopic analysis, 1 mL aliquots were extracted from each sample and
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examined using a compound microscope (Olympus BH2, Olympus Optical,
GmbH, Germany) at 10x magnification (Figure 17).

50 pm
Figure 17. Stained hyphae of Rhizophagus irregularis MUCL 41833 in soil.

6. S. meliloti migration along AM fungal hyphae and cytoplasmic
flow velocity within hyphae

To investigate the interactions between S. meliloti and fungal hyphae, we assessed
two parameters: the migration velocity of S. meliloti along the hyphae surface and
the cytoplasmic/protoplasmic flow velocity within the hyphae. Both parameters
were measured at multiple time points (e.g., 2, 4, 6, 12, and 24 h) and analyzed
based on dynamic observations under a microscope.

6.1. Microscopy and video/image acquisition
Microscopic observations were performed using an Echo Revolve RVL2-K

microscope (https://discover-echo.com/revolve/), with two magnifications
applied for specific purposes:

4x magnification: Used to capture the overall structure of the fungal hyphae and
visualize the bacterial migration pathway. Images were stitched together using
Fiji’s Stitching plugin (Schindelin et al., 2012) to create a complete visualization
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of the hyphal network. These stitched images provided context but were not used
for quantitative analysis.

20x magnification: Used for detailed tracking of both S. meliloti migration and
cytoplasmic/protoplasmic flow velocity. This magnification enabled precise
measurements of bacterial movement along the hyphal surface and particle flow
within the hyphae.

Videos were recorded continuously at all time points, and static images were
captured for subsequent quantitative analysis. Consistent microscope settings
(automatic brightness, contrast, and saturation) were applied to ensure
reproducibility across all observations.

6.2. Experimental setup and inoculation

Actively growing fungal hyphae exhibiting visible cytoplasmic/protoplasmic
flow were selected for the experiments. A 1 pL drop of S. meliloti suspension (9
% 10° CFU-mL"!, ODggo = 0.1) was inoculated onto a predefined starting point on
the hyphal surface. The inoculation points were marked for subsequent tracking.
Hyphae were visually separated by several millimeters to avoid overlap between
replicates.

6.3. Image and video analysis

The analysis of S. meliloti migration and cytoplasmic flow velocity relied on
Fiji/Image] software (Schindelin et al., 2012) for precise measurements. Both
parameters were quantified using methodologies, as detailed below.

Distance measurement - Videos recorded at 20x magnification were randomly
paused during playback to capture static frames for analysis. Several frames were
extracted from each video: an initial frame and a subsequent frame captured after
a short, defined time interval (e.g., a few seconds apart). The time interval
between these two frames was recorded. Six times intervals were analyzed per
plate at each time point, and their average velocity was calculated.

For S. meliloti migration, the “Measure” tool in Fiji (Schindelin et al., 2012) was
used to mark the position of the furthest observed bacteria along the hyphal
surface in the initial frame and the corresponding position in the subsequent frame
(Figure 18).
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Figure 18. Time-lapse images of Sinorhizobium meliloti (expressing green
fluorescence) movement along Rhizophagus irregularis hyphae.

For cytoplasmic/protoplasmic flow, the “Measure” tool (Schindelin et al., 2012)
was used to mark the positions of visible particles within the hyphae in both
frames. These particles were visually identified based on their distinct shapes,
sizes, or colors (Figure 19).

00:00:00:00

Figure 19. Time-lapse images of cytoplasmic/protoplasmic flow in Rhizophagus

irregular hyphae.
Calculation of velocity - The linear distance traveled by S. meliloti (for migration)

or particles (for cytoplasmic flow) between the two frames was measured.
Velocity was then calculated using the formula:

57



MATERIALS AND METHODS

Distance Traveled (um)

Velocit s =
elocity (um - s™) Time Interval (s)

Bacterial film thickness - For S. meliloti migration, the thickness of the bacterial
film around the hyphae was also quantified at each time point (Figure 20). This
was done by measuring the width of the bacterial layer at multiple points along
the hyphal surface using the “Measure” tool in Fiji (Schindelin et al., 2012).

Liquid film

100 pm

Figure 20. Bacaterial film and liquid film around the hyphae of Rhizophagus
irregularis MUCL 41833.
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Chapter 1

Arbuscular mycorrhizal hyphae facilitate rhizobia dispersal and nodulation
in legumes

Based on the article published in 2024 in The ISME Journal, volume 18, issue 1
(article number: wrae185), with appropriate modifications.

Impact factor: 10.8

Jiadong He, Lin Zhang, Judith Van Dingenen, Sandrien Desmet, Sofie
Goormachtig, Maryline Calonne-Salmon, Stéphane Declerck
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Preface

In nature, plants form intricate associations with microbial communities, which
provide numerous ecological and physiological benefits. Among these, the
symbiosis between legumes and arbuscular mycorrhizal (AM) fungi and rhizobia
is of particular importance because it promotes plant growth and nitrogen (N)
fixation. While previous studies have extensively documented the short-distance
recruitment of rhizobia via root exudates, the mechanisms enabling long-distance
rhizobial migration toward legume roots remain unclear.

In Chapter I, we will explore how AM fungal extraradical hyphae facilitate the
migration of Sinorhizobium meliloti to the roots of Medicago truncatula. Using
an array of experimental systems, including in vitro cultivation setups and
greenhouse microcosms, we investigate (i) the ability of AM fungal hyphae to
transport rhizobia over long distances, (ii) the role of plant-derived flavonoids in
mediating this interaction, and (iii) the preferential migration of rhizobia toward
leguminous plants compared to non-leguminous plants.

By using metabolomics approaches to analyze flavonoid profiles and time-lapse
microscopy to track rhizobial movement, we demonstrated that AM fungal
hyphae act as conduits for rhizobia, transporting chemical signals that enhance
rhizobial migration and nodulation gene expression. The results highlighted a
previously underexplored, indirect pathway for legume-rhizobia interaction,
mediated by fungal networks.

This research provides novel insights into the ecological and molecular

mechanisms underlying plant-microbe symbiosis and underlines the potential
application of AM fungi and rhizobia in sustainable agriculture.
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Abstract

In soil ecosystems, rhizobia occupy the rhizosphere of legume roots to form
nodules, a process triggered by microbial recognition of specific root-derived
signals (i.e., flavonoids). However, soil conditions can limit bacterial motility,
restricting signal perception to the area directly influenced by roots. Legumes,
like most plants of agricultural interest, associate with arbuscular mycorrhizal
fungi, whose hyphae develop extensively in the soil, potentially providing an
effective dispersal network for rhizobia. We hypothesized that mycelial networks
of arbuscular mycorrhizal fungi play a role in signal transmission and act as a
highway, enabling rhizobia to migrate from distant soil to the roots of leguminous
plants. Using in vitro and greenhouse microcosm systems, we demonstrated that
Rhizophagus irregularis helps Shinorhizobium meliloti to migrate towards the
legume Medicago truncatula, triggering nodulation, a mechanism absent without
the arbuscular mycorrhizal fungus. Metabolomics analysis revealed eight
flavonoids unique to the compartment containing extraradical hyphae of the
arbuscular mycorrhizal fungus linked to M. truncatula roots, associated with S.
meliloti growth and nod gene expression. Rhizobia plated on the extraradical
hyphae connecting two plants (the legume M. truncatula and non-legume
Solanum tuberosum) by a common mycelium network, showed preference for the
legume, suggesting the chemoattraction by specific signals transported by the
fungus connected to the legume. Simultaneously, S. meliloti stimulated the
cytoplasmic/protoplasmic flow in the hyphae, likely increasing the release of
nutrients and signals. Our results highlight the importance of extraradical hyphae
(i.e. the mycorrhizal pathway) of arbuscular mycorrhizal fungi for the migration
of rhizobia over long distances to the roots, leading to nodulation.

Introduction

Leguminous crops have the ability to interact symbiotically with arbuscular
mycorrhizal (AM) fungi and with nitrogen-fixing soil bacteria collectively known
as rthizobia (Saeki, 2011). It has been shown that the contribution of AM fungi to
N uptake was 27% in Vicia faba colonized by Rhizophagus irregularis in a pot
experiment conducted on phosphorus-deficient soil (Wahbi et al., 2016), and even
52% in a two-compartment growth system of Glycine max L. colonized by R.
intraradices (Wang et al., 2016b). Similarly the rhizobia association has been
shown to mobilize high amounts of N, estimated to be about 65 to 335 kg of
N-ha™!-year™! for alfalfa, red clover, pea, soybean, cowpea, and vetch (Tate, 1995).
It is estimated that 70 million tons of N per year are contributed to soil ecosystems
by the relationship between legumes and their rhizobial symbionts (Brockwell et
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al., 1995). Along with rhizobia, AM fungi are thus considered to be the most
crucial terrestrial symbioses that “help feed the world” (Marx, 2004).

Legume-rhizobia interactions are initiated when plant roots release flavonoids
into the soil, the perception of which activates the production and secretion of
rhizobial Nod factors. However, the perception of these signals is limited to a few
millimeters in the rhizosphere (Zhang et al., 2020) and several abiotic factors (e.g.,
soil organic matter, sorption by minerals) may attenuate flavonoid-based plant-
microbe communication (Del Valle et al., 2020). In addition, soil conditions can
limit the mobility of rhizobia, subject to water mass flow and other vectors to
cross air-filled gaps between soil aggregates (Horiuchi et al., 2005; Vicario et al.,
2015). Until recently (Zhang et al., 2020), it was unclear whether and how
rhizobia migrate from long distance to the rhizosphere of legumes. These authors
demonstrated that mycelial networks of the facultative biotrophic ascomycota
Phomopsis liquidambaris help with the migration of rhizobia from the bulk soil
to the rhizosphere of Arachis hypogaea, increasing nodulation in this legume. This
study laid the foundation for the hypothesis that legumes might also recruit
rhizobia via the ERM of AM fungi. Indeed, the hyphae of AM fungi extends
several cm away from plant roots (Awaydul et al., 2019), represents 82 to 111
m-cm3 in prairie and 52 to 81 m'em™ in ungrazed pasture (Miller et al., 1995)
and mobilize between 4 and 20% of the total carbon synthesized by plants (Shi et
al., 2023). In addition, bacterial activities (e.g., the solubilization of organic P),
are stimulated by the release of compounds or nutrients from the hyphae, which
function as signals (Zhang et al., 2018a). Recently, it has been demonstrated that
bacteria could move along the hyphae to nutrient patches in the soil (Jiang et al.,
2021). Hence, we hypothesized that rhizobia can also use the extraradical
mycelium (ERM) of AM fungi as a highway to reach the roots of legumes from
long distances, thus representing an indirect route for legumes to recruit root-
nodulating bacteria.

In the present study, we performed a series of in vitro and greenhouse experiments
to study the migration potential of Sinorhizobium meliloti along the ERM of AM
fungi connected to the leguminous plant Medicago truncatula or the non-
leguminous plants Plantago lanceolata and Solanum tuberosum. We first
developed an in vitro cultivation system with M. truncatula to study whether AM
fungal hyphae of Rhizophagus irregularis could transport rhizobia from a long
distance from the root to the root surface to result in nodulation. Next, we
conducted a comparative metabolomics study on the growth media containing
AM fungal hyphae connected to M. truncatula or S. tuberosum in a
compartmented system to reveal the presence and potential differences in nodule-
inducing flavonoids content. Finally, we carried out an in vifro and a pot
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microcosm experiment with a leguminous plant connected by a common
mycorrhizal network (CMN) of the AM fungus to non-leguminous plants to assess
the preferred migration direction of rhizobia.

We show that AM fungal hyphae can serve as a route for S. meliloti migration,
showing a preference for the legume over the non-legumes. This preference is
probably due to the transport of specific signals (i.e., flavonoids) from the legume
root to the bacteria via the hyphae, initiating the distant interaction between the
legume and S. meliloti.

Materials and methods
Biological material

Experiments utilized Rhizophagus irregularis MUCL 41833, Sinorhizobium
meliloti 2011 pHC60-GFP, Medicago truncatula L. cv. Jemalong A17, Plantago
lanceolata L., and Solanum tuberosum L. cv Bintje, sourced and cultured as
described in Section 1 of MATERIALS AND METHODS.

Optimization of MSR medium for growth and nodulation of M. truncatula in
vitro

Seven-day-old M. truncatula plants were cultured in 90 mm Petri plates under
conditions detailed in Section 3 of MATERIALS AND METHODS (Figure 21a;
Figure S1). Two Modified Strullu-Romand (MSR) media variants, MSR™"N ((
mM N) and MSR™N (1.99 mM N), were used as described in Section 2 of
MATERIALS AND METHODS. Roots were inoculated with 150 pL of S.
meliloti in phosphate-buffered saline (PBS) at 9 x 105 CFU-mL!. Controls
received 150 uL PBS without bacteria. Four treatments, each with 18 plant
replicates, were evaluated: MSRminONJrSmeliluti’ MSRminON-S.meliluti’ MSRmianNJrSWleliluti’
and MSRmin/N-S:meliloti "Eor each treatment, 6 replicates were randomly harvested
after 1, 2, and 3 months to determine shoot and root dry weights (after 72 hours
at 70°C) and number of nodules.
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Figure 21. Impact of S. meliloti on the in vitro growth and nodulation of M.

truncatula on the MSR™" medium containing 0 mM or 1.99 mM nitrogen (N). (a)

Schematic representation of the in vitro Petri plate system. (b) Shoots dry weight,

(¢) Roots dry weight, and (d) Number of nodules, after 1, 2, and 3 months of
growth of M. truncatula. The box plot displays the maximum, upper quartile,

median, lower quartile, minimum values. Hollow squares represent mean values,

dots represent individual measurements. Data (n = 6) were analyzed by a one-way
ANOVA followed by a Tukey post-hoc test (P < 0.05). Different lowercase letters,
uppercase letters, and Greek letters, respectively, indicate significant differences
between treatments within month 1, 2 or 3, separately.

In vitro experimental design for analyzing flavonoids released by the ERM of
R. irregularis in the HC

Medicago truncatula plants were pre-mycorrhized using a mycelium donor plant
(MDP) system, as detailed in Section 3 of MATERIALS AND METHODS
(Figure 15). Pre-mycorrhized plants were transferred to the RC of bi-
compartmented Petri plates (90 mm diameter) (Figure 22a; Figure S2). At week
9, a profuse ERM growth was observed in the RC and on the slope in the hyphal
compartment (HC) containing MSR™"”“N medium. During the subsequent four
weeks, 10 mL of MSR™"N medium cooled to 40°C was added weekly to the RC.
Similarly, the HC was supplemented twice a week with liquid MSR™"N medium
to keep the medium volume at 10 mL. Four treatments were considered: M.
truncatula or S. tuberosum grown in the RC in absence of AM fungus in the HC
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(RCM.truncatula /Hc—R.irregularis and RCStuberosum /Hc—R.irregularis’ respectively) and M.
truncatula or S. tuberosum grown in the RC in presence of the AM fungus in the
HC (RCM.truncatula /HC+R.irregularis and RCS.tuberusum /HC+R‘irregularis, respectively). At
week 13, a high number of hyphae was observed in the HC. At that time, the liquid
medium in the HC was removed and 10 mL of fresh liquid MSR™"N was added
for an extra week. At week 14, all the liquid MSR™"N medium was collected with
a VWR Powerpette Plus and transferred to a 15 mL centrifuge tube, quickly
frozen in liquid N, and stored at —80°C for flavonoids analysis.

Flavonoid analysis involved extracting 6 mL MSR™"N from each HC with 6 mL
methanol for 1 hour at room temperature, followed by evaporation to dryness
under vacuum conditions. The dry methanol extracts were resolubilized in 100 pL.
cyclohexane and 100 pL Milli-Q water, vortexed thoroughly, and then centrifuged
at 14,000 rpm. Eighty pL of the aqueous phase was filtered using a 96-well filter
plate. Samples were subjected to Ultra Performance Liquid Chromatography High
Resolution Mass Spectrometry (UPLC-HRMS) at the VIB Metabolomics Core
Ghent (VIB-MCG). Ten pL of the sample was injected on a Waters Acquity
UHPLC (Waters) device connected to a Synapt XS high-definition mass
spectrometer (Waters). Chromatographic separation was carried out on an
ACQUITY UPLC BEH C18 (150 x 2.1 mm; 1.7 pm) column (Waters) with the
column temperature maintained at 40 °C. A gradient of two buffers was used for
separation, i.e., buffer A (water + 0.1% formic acid, pH 3) and buffer B
(acetonitrile + 0.1% formic acid, pH 3). Buffer A was decreased from 99% to 50%
in 30 min, decreased to 30% in 30 to 35 min, and further decreased to 0% in 35
to 37 min. The flow rate was set to 0.35 mL-min~'. Electrospray Ionization (ESI)
was applied, and the LockSpray ion source was operated in negative ionization
mode under the following conditions: capillary voltage, 3 kV; reference capillary
voltage, 2.5 kV; source temperature, 120°C; desolvation gas temperature, 550°C;
desolvation gas flow, 800 L-h!; and cone gas flow, 50 L-h~!. The collision energy
for full MS scan was set at 4 eV. For data-dependent acquisition—tandem mass
spectrometry (DDA-MS/MS), the low mass ramp was ramped between 6-20 eV,
and the high mass ramp was ramped between 20-70 eV. The mass range was set
from 50 to 1500 Da and scan time was set at 0.3 s. The N (greater than 99.5 %)
was employed as desolvation and cone gas. Leucine-enkephalin (100 pg-uL~!
solubilized in water:acetonitrile 1:1 [v/v], with 0.1% formic acid) was used for
the lock mass calibration, scanning every 0.75 min at a scan time of 0.3 s. Profile
data was recorded through Masslynx (Waters). Data processing was performed
with Progenesis QI software version 3.0 (Waters) for chromatogram alignment
and compound ion detection. The detection limit was set at medium sensitivity
with a minimum peak width of 0.04 min. 20,081 compound ions were detected
and aligned to “PooledSample 02n”. The data was normalized to all compound
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ions. The following filters were applied to analyze the data: a minimum ion
intensity of 1,000 counts in at least one sample group (resulting in 13,513 features)
and an ANOVA P <0.05 (resulting in 11,662 features). Statistical analyses were
performed on ArcSinh-transformed and pareto scaled ion intensities. Structural
annotation of the significant features was attempted using MS-FINDER (in silico
fragmentation) (Tsugawa et al., 2016). The following parameter settings were
applied: formula prediction and structural elucidation by in silico fragmenter
using all available local databases, cut off score for structural elucidation: 5, MS!
mass tolerance: 5 ppm, MS? mass tolerance: 10 ppm, relative abundance cut off:
0.1%, LEWIS and SENIOR check: TRUE, element ration check: common range
(99.7%), element selection: C, H, N, tree depth: 2.
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Figure 22. Impact of ERM of R. irregularis on transport of flavonoids and on
growth in S. meliloti. (a) Schema of the bi-compartmented Petri plate system. The
root compartment (RC) is separated from the hyphal compartment (HC) by a
plastic barrier. M. truncatula roots were placed in the RC with shoots extending
outside through a 2 mm hole. RC contained 20 mL solidified MSR™”*N medium
(1.99 mM N), and HC contained 4 mL solidified MSR™"N medium (0 mM N) in
a slope. Once profuse ERM growth was observed in the slope, 10 mL of liquid
MSR™N medium lacking Ca(NO;3),-4H,0 was added to the HC. (b) Principal
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component analysis (PCA) of compounds in the MSR™"N medium collected from
the HC. (¢) Growth of S. meliloti in liquid MSR™N medium from different
treatments: RCM truncatula /Hc+R. irregularis RCM truncatula /Hc-R. irregularis

RcS.tuberosun1/Hc+R.[rregularis and RcSAtuberosum/Hc-R.[rregular[s Data are means + SD (l’l

=12, 72 hours, OD = 595). Shaded areas represent error bars.

In vitro experimental design for analyzing growth and gene expression of .
meliloti in presence of ERM exudates

Another set of 24 Petri plates initiated simultaneously under identical conditions
to above. At week 14, two mL liquid MSR™"N was collected from the HC of each
treatment in 2.5 mL centrifuge tubes, frozen in liquid nitrogen, and stored at —
80°C for S. meliloti growth studies. At week 14, two mL liquid MSR™"N wag
collected from the HC of each Petri plate per treatment and transferred to a 2.5
mL centrifuge tube, followed by rapid freezing in liquid N and subsequent storage
at —80°C. This solution was used to study its effects on the growth of S. meliloti
(Figure S6). One hundred and eighty uL of liquid MSR™"N from each Petri plate
was distributed in two wells (90 pL per well). Each treatment
(RcMAtruncatula /Hc+RAirregularis’ RcM.truncatula /Hc—R.[rregularix’ RcSAtuberosum /Hc+R.irregular[s
and RCSuberosum/C-Rirregularisy comprised 6 Petri plates, thus 12 wells in total.
Twenty uL of a solution of S. meliloti at a concentration of 9 x 105 CFU-mL"!
(ODggo = 0.1) was gently mixed to the liquid MSR™"N in the wells. To avoid
boundary effects, the wells with MSR™"N and bacteria were located at the center
of the microplate, whereas 200 uL of fresh MSR™"N medium without bacteria
were added to the surrounding wells (thus corresponding to 48 wells). The
microplate was then placed in a Multiskan FC Microplate Photometer (Thermo
Fisher Scientific Inc., Waltham, MA) and incubated at 30°C for 72 hours. The
absorbance at OD = 595 nm was recorded each hour to evaluate the bacterial
growth in each well. To convert ODsos to CFU, 0.4 mL of S. meliloti in its
logarithmic growth phase was introduced into 20 mL of YEB medium. This
mixture was then incubated at 28°C during 4 hours to reach a stationary phase.
The culture at stationary phase was serially diluted at specified ratios (5, 10, 50,
100, and 200), utilizing PBS as the diluent. Following the calibration of the
spectrophotometer with PBS, the absorbance at 595 nm was recorded for varying
concentrations of the bacterial solution. Subsequently, 1 mL from each dilution
was plated on YEB agar medium (15 g-L~" agar) supplemented with 5 pug-mL™!
tetracycline and evenly spread using an L-shaped cell spreader (VWR). The Petri
plates were incubated for 24 hours at 28°C in a dark chamber, after which the
CFUs of S. meliloti were counted visually. The number of bacterial colonies for
each dilution was documented, and the average colony count for each dilution
level was calculated. A standard curve correlating absorbance values (X-axis) to
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the CFU (Y-axis) was generated using Microsoft Excel. The conversion from
ODsos to CFU was done using the derived formula:

_ OD value — 0.0072

— 6
CFu 0.1016

For gene expression, two mL of S. meliloti at a concentration of 5.4 x 10°
CFU-mL™" was added to the HC in each treatment. Samples were taken at 0, 2, 4,
6, 12, and 24 hours, frozen in liquid N, and stored at —80°C for RNA extraction
and gene expression analysis. The complete genome sequence of S. meliloti 2011
can be accessed at the National Center for Biotechnology Information (NCBI)
under GenBank assembly accession number NC 020528.1. Eight genes (i.e.,
nodA, nodB, nodC, nodD1, nodD2, nodD3, nodl, nodJ) from S. meliloti were
selected. The primers for the selected genes and their subunits were designed
using Primer 5 software. Detailed information regarding the primer sequences and
selected genes are presented in Table S1. Total RNA was extracted from the
frozen solution of S. meliloti using the RNeasy Mini Kit (Qiagen), following the
manufacturer’s protocol, and subsequently treated with the TURBO DNAfree Kit
(Ambion) to eliminate possible DNA contamination. To generate single-stranded
cDNA, reverse transcription was conducted using the Transcriptor High Fidelity
cDNA Synthesis Kit (Roche) with 1 pL random primer. The reaction comprised
the following steps: incubation at 65°C for 10 min, 55°C for 20 min, and 85°C for
5 min. The final volume of the cDNA was 20 pL. and was diluted to 100 pL. The
gRT-PCR was conducted using the LightCycler 96 Real-Time PCR System
(Roche). The reaction mixture consisted of 2.5 pl. cDNA, 5 pL 2 x FastStart
Essential DNA Green Master (Roche), and 0.5 pL of each primer (5 pM), in a
total reaction volume of 10 plL. The PCR was performed according to the
following program: initial denaturation at 95°C for 60 s, followed by 45 cycles at
95°C for 10 s, 60°C for 10 s, and 72°C for 10 s. The run ended with a melting
curve analysis to avoid nonspecific PCR products. The Ct values and baseline
range were determined using the LightCycler 96 software. The relative
quantification was evaluated using the 274¢T method (Livak and Schmittgen,
2001), with SMc00128 serving as the housekeeping gene. The transcript levels
were normalized against the expression value in the RCSuberosum/gC-Rirregularis
treatment.
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In vitro experimental design for the analysis of S. meliloti migration along
AM fungal hyphae and cytoplasmic flow velocity within hyphae

The experimental setup followed the flavonoid analysis design, with the HC
consisting of solid MSR™"N medium (Section 3; Figure 23a). At week 13,
approximately 80% of the HC surface was covered with an extensive ERM.
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Figure 23. Interactions between R. irregularis hyphae and S. meliloti. (a) Schema
of the bi-compartmented Petri plate system used to study the impact of ERM on
S. meliloti migration. The system includes a root compartment (RC) and a hyphal
compartment (HC) separated by a plastic barrier. M. truncatula roots were placed
in the RC, with shoots extending through a 2 mm hole. RC contained 20 mL
MSR™“N medium (1.99 mM N), and HC contained 20 mL MSR™"N medium (0
mM N). Green dots indicate S. meliloti inoculation sites; blue and red arrows show
the directions of bacterial growth along hyphae towards and away from the RC.
(b) Bacterial film thickness (um) of R. irregularis inoculated with S. meliloti or
PBS or non-inoculated, measured at 2, 4, 6, 12, and 24 hours. The box plot
displays the maximum, upper quartile, median, lower quartile, minimum values.
Hollow squares represent mean values, dots represent individual measurements.
Data (n = 6) were analyzed by a one-way ANOVA followed by a Tukey post-hoc
test (P <0.05). Different lowercase letters above the box plots indicate significant
differences among each treatment. In the gray box, the results of the two-way
ANOVA on “Treatment” and “Time” are presented, where ** represents P <0.01.
(¢) S. meliloti migration along R. irregularis hyphae in the HC of Petri plates with
M. truncatula in the RC, shown under fluorescence, brightfield, and overlay views
at 2,4, 6, 12, and 24 hours. (d) Microscopic picture of S. meliloti colonizing the
surface of spores. (e) Microscopic picture of the nodule formed on the root of M.
truncatula. The upper picture is the mature nodule under bright-field microscopy,
and the lower picture is the nodule under fluorescent microscopy.

S. meliloti migration along hyphae — In each Petri plate, three hyphae, with
active cytoplasmic/protoplasmic flow, developing on the surface of the HC and
separated from each other by several mm, were individually inoculated with one
drop of 1 pL of S. meliloti at a concentration of 9 x 10° CFU-mL~"' (ODggo = 0.1).
Two control treatments were included under strictly identical conditions: (1)
hyphae inoculated with 1 uLL. PBS and (2) non-inoculated hyphae. Six Petri plates
(i.e., replicates) were considered per treatment. The speed of colonization of the
hyphae surface was quantified by measuring the distance traveled by S. meliloti
along the hyphae from the point of inoculation divided by the time post
inoculation (i.e., after 2, 4, 6, 12 and 24 h).

Velocity of cytoplasmic/protoplasmic flow in hyphae — Another set of 18 Petri
plates were used to evaluate cytoplasmic/protoplasmic flow within the hyphae.
Three hyphae developing on the surface of the HC and separated from each other
by several mm were each inoculated with one drop of 1 uL of S. meliloti at a
concentration of 9 x 10° CFU-mL"" (ODsoo = 0.1) and cytoplasmic/protoplasmic
flow within the hyphae measured. Two control treatments were included under
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strictly identical conditions: (1) hyphae inoculated with PBS and (2) non-
inoculated hyphae. Six Petri plates (i.e., replicates) were considered per treatment.

Migration speed, flow velocity, and bacterial film thickness were measured as per
Section 6 of MATERIALS AND METHODS.

In vitro and greenhouse experimental designs with legumes linked to non-
legumes by a CMN for mycelia-based migration assay of S. meliloti

In vitro experimental design — A modified quadri-compartmented Petri plate
(12.4 x 8.5 cm) was used, comprising three compartments: two RCs containing
Medicago truncatula in one and Solanum tuberosum in the other, both associated
with Rhizophagus irregularis, separated by a plastic barrier from a central hyphal
compartment (HC) (Figure 24a; Figure S3), as modified from Voets et al. (2006).
Each RC received 25 mL of MSR™"”N medium, and the HC 25 mL of MSR™in0N
medium, both solidified with 3 g-L~! Phytagel. Mycorrhizal plants were prepared
using the mycelium donor plant (MDP) system (Figure 15) described earlier (St-
Arnaud et al., 1996). Five mL of MSR™"”“N medium cooled to 40 °C was added
each week in the RCs to keep medium at an adequate level. At week 13, the ERM
crossed the partition wall separating the RCs from the HC and developed
profusely in the HC. A significant number of hyphae connected in the HC creating
a CMN between both plants. Three single hyphae per system developing on the
surface of the MSR™"N medium and clearly connecting the plants in both RCs
were inoculated with one drop of 1 uL of bacterial suspension at a concentration
of 9 x 105 CFU-mL™! (ODsgo = 0.1). Inoculation was done on the hyphae in the
middle of the HC (Figure 24a). The distance moved by S. meliloti in the direction
of M. truncatula or S. tuberosum as well as the cytoplasmic flow velocity in the
hyphae and thickness of the bacterial film around hyphae were measured as
described above. Three hyphae of six independent replicates (i.e., quadri-
compartmented Petri plates) were considered.
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Figure 24. Migration of S. meliloti on the surface of hyphae connecting a
leguminous plant (M. truncatula) to a non-leguminous plant (S. tuberosum). (a)
Schema of the in vitro tri-compartmented system. This system uses three
compartments of a quadri Petri plate: two root compartments (RCs) containing M.
truncatula and S. tuberosum and a hyphal compartment (HC) where hyphae
connect the two plants. After 13 weeks, hyphae from both RCs crossed into the
HC, forming numerous anastomoses. S. meliloti was then added to the surface of
hyphae in the middle of the HC, and its migration was measured in both directions.
Green dots indicate S. meliloti inoculation points. Blue arrows show bacterial
growth towards M. truncatula; orange arrows show growth towards S. tuberosum.
(b) Migration distance (mm) of S. meliloti along hyphae towards M. truncatula
and S. tuberosum. (c) Effects of S. meliloti on bacterial film thickness (um) at 2,
4, 6, and 24 hours. (d) Cytoplasmic/protoplasmic flow speed (um-'s™') in R.
irregularis hyphae connecting M. truncatula and S. tuberosum, measured at 0, 2,
4, 6, and 24 hours post-inoculation. The box plot displays the maximum, upper
quartile, median, lower quartile, minimum values. Hollow squares represent mean
values, dots represent individual measurements. Data (» = 6) were analyzed by a
one-way ANOVA followed by a Tukey post-hoc test (P < 0.05). Different
lowercase letters above the box plots indicate significant differences among each
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treatment. In the gray box, the results of the two-way ANOVA on “Treatment”
and “Time” are presented, where ** represents P < 0.01.

Greenhouse experimental design — A quadri-compartmented pot system was
designed comprising a central compartment (CC, 0.3 L) connected to three
satellite compartments (0.3 L each) with plastic pipes (PVC pipe, 1.7 cm diameter
x 10 cm length) (Figure 25a; Figure S5). The pipes were perforated in the upper
part with six holes (6 mm diameter) separated from each other by 1 cm. The holes
were used to collect the substrate (including the hyphae and bacteria). P.
lanceolata was planted in the CC, and the three satellite compartments with M.
truncatula associated (M. truncatula™") or not (M. truncatula™®") to R.
irregularis and P. lanceolata not associated to R. irregularis (P. lanceolate ™).
The substrate was a 2:1 (v/v) sand-vermiculite mixture, autoclaved twice at 0.11
MPa, 121°C for 15 min. The M. truncatula™" satellite compartment received 5 g
of R. irregularis inoculum and was connected to the CC via a pipe sealed at both
extremities with a 41 um mesh to allow only hyphae and not the roots to
proliferate in the tube. The M. truncatula™®’ and P. lanceolate ™" satellite
compartments were not inoculated by the AM fungus and were connected to the
CC with the pipes sealed at both extremities with 5 pm mesh to prevent the
crossing of hyphae and roots coming from the other compartments. P. lanceolata
was planted in the CC only to check whether the hyphae from the M. truncatula™*
reached the CC. Once this was evidenced by root colonization assessment
(McGonigle et al., 1990), it indicates that the AM fungi hyphae from the M.
truncatula™" treatment had reached the CC through the pipes. P. lanceolata in
the CC were then removed, and after another 4 weeks (to allow mycelium
regrowth in the CC), S. meliloti (5 mL of 9 x 10 CFU-mL"! - ODgg = 1) was
inoculated in the CC using a 5 mL NORM-JECT silicone-free Luer Lock Syringe
(Henke-Sass Wolf) and substrate samples were collected from the pipes of 5
randomly selected pot systems after 1, 3, 5, 7, and 9 days to evaluate S. meliloti
migration. Samples were collected using 1 mL pipette tips cut at 3 cm length from
the extremity. The tips were inserted into each hole of the pipes and connected to
a 1.5 mL centrifuge tube to collect the sample. The pipes were inverted and tapped
to allow the substrate samples to fall into the 1.5 mL centrifuge tubes. The
substrate samples in the pipes were subsequently weighed. One mL of PBS was
further added to each centrifuge tube and the tubes were vortexed on an MSI
shaker (IKA, Germany) at 1000 rpm for 20 s to extract the bacteria. A 20 puL
suspension was retrieved from the aforementioned centrifuge tube and mixed with
180 uL of PBS to achieve a 10-fold dilution. For the growth of S. meliloti, a 20
uL volume of the diluted solution was added to YEB solid medium (15 g-L~" agar)
supplemented with 5 pg-mL™" of tetracycline. The mixture was then spread using
an L-Shape Cell Spreader (VWR). Bacteria were cultured for 48 hours in a dark
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chamber at 28 °C. Then, the number of CFUs of S. meliloti were counted in each
Petri plate using the Echo Revolve RVL2-K microscope (https://discover-
echo.com/revolve/) and converted into CFUs per g of substrate sample.
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Figure 25. Impact of extraradical mycelium of the AM fungus on the migration
of S. meliloti in a quadri-compartmented pot device. (a) Schema of the quadri-
compartmented pot device. P. lanceolata was planted in the central compartment
(CC), whereas M. truncatula (with or without AM fungus, M. truncatula™" and
M. truncatula™®") and P. lanceolata (without AM fungus, P. lanceolata™") were
planted in three satellite compartments. These were connected to the CC via PVC
pipes (1.7 cm diameter, 10 cm long) with six evenly spaced 6 mm holes for
substrate sampling (Figure S5). The M. truncatula™’ compartment was
connected to the CC with pipes covered by a 41 pm mesh to allow only hyphae
passage. The other compartments were connected via pipes covered with 5 um
mesh to block both hyphae and roots. P. lanceolata in the CC was used to confirm
hyphal growth into the CC; after confirmation, the plants were removed. After
one month of ERM regrowth, S. meliloti was inoculated in the CC, and substrate
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samples were collected over time to assess rhizobia motility. (b) Concentration of
S. meliloti (CFU-g™! fresh substrate) in the different holes (A1 to A6) of the pipes
connecting the CC to the M. truncatula™" pots at 1, 3, 5, 7, and 9 dpi. Data are
means + SD (n = 5). Shaded areas represent error bars. (¢) Microscopic pictures
of nascent nodules developing on M. truncatula™'" roots two weeks after
inoculation with S. meliloti in the CC. (d)Average number of nodules on M.
truncatula™* roots at 2, 4, and 8 weeks post-inoculation. Data (means = SD, n =
5) were analyzed by one-way ANOVA followed by the Tukey post-hoc test (P <
0.05). Different lowercase letters above the bars indicate significant differences
among each treatment. No nodules were observed in M. truncatula™®" and P.
lanceolata™" treatments throughout the experiment (Data not shown in the
Figure).

AM fungal root colonization, hyphal length in pipes, and nodule maturity were
assessed at 2, 4, and 8 weeks post-inoculation in five randomly selected systems,
using methods detailed in sections 4 and 5 of MATERIALS AND METHODS
chapter.

Data analysis

Prior to statistical analysis, the homogeneity of variance and normality of
distribution were assessed using the Levene and Shapiro-Wilk tests, respectively.
To attain normality and homoscedasticity of data, all the variables were
transformed by taking the base 10 logarithm. Analysis of variance was conducted
in SAS (8.1) to evaluate the statistical significance of the experimental data.
Significance between treatments was determined at 0.05 using the Tukey post-
hoc test.

The in silico binding studies was made according to the protocol described in Bag
et al. (2022). Fourteen flavonoids were considered (see Table S2) as well as three
proteins from Sinorhizobium meliloti: NodD1 (UniProtKB-P03031), NodD2
(UniProtKB-P08719), and NodD3 (UniProtKB-P23190) from the UniProt
Knowledgebase (https://www.uniprot.org/help/uniprotkb). The 3D structures of
the flavonoids were obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov)
as SDF files and subsequently converted into PDB files using PyMOL 3.0
(Schrodinger, LLC, 2015). For flavonoids lacking available 3D structures in
PubChem, the Chem3D (version 21.0.0) software was utilized to generate their
3D conformations. The 3D structures of the NodD proteins (NodD1, NodD2, and
NodD3) were modeled using the SWISS-MODEL tool
(https://swissmodel.expasy.org) based on their respective FASTA sequences.
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Molecular docking studies were conducted using AutoDock 4.2 to form
complexes between each NodD protein and each flavonoid, to determine their
binding affinities (Kcal-mol™") (Morris et al., 2009). Additionally, LigPlot was
used to identify the specific interacting residues within these complexes,
providing further insight into the molecular interactions between the flavonoids
and the NodD proteins (Laskowski and Swindells, 2011).

Results

S. meliloti promotes the growth of M. truncatula on the AM fungi-compatible
MSR medium containing reduced or no N

We first tested whether the MSR™" medium developed for growing AM fungi on
root organs (Declerck et al., 1998) or whole plants (Voets et al., 2009) was
adequate for the growth and nodulation of M. truncatula in the presence of S.
meliloti. We compared the growth and nodulation of the plants associated or not
to the bacterium on the MSR™"N and MSR™"*N media (Figure 21a; Figure S1).
In the MSRmnON-Smeliloti yreqatment, the growth of M. truncatula was strongly
limited (Figure 21b, c), and no nodule was observed (Figure 21d). Conversely,
in the presence of S. meliloti, shoot and root dry weight increased significantly in
the MSRminN+Smeliloti treatment, with increases of 253.6% and 104.9% in month
1, 256.0% and 285.2% in month 2, and 174.2% and 259.1% in month 3,
respectively, compared to the MSRmnONtSmelioi treatment (Figure 21b, c).
Whatever the time of observation, the number of nodules was three to four times
higher in the MSRmin"N+Smeliloti reatment than in the MSR™MnON+Smeliloti treatment
(Figure 21d). Overall, it appeared that the MSR™"”N medium is suitable for the
growth and nodulation of M. fruncatula in presence of S. meliloti and was
therefore selected for all following in vitro experiments.

ERM transports flavonoids from roots to medium

We used a bi-compartmented system separating AM fungal-colonized plants (RC)
from ERM of R. irregularis (HC) (Figure 22a) to assess flavonoid transport by
hyphae. LC-MS/MS analysis of the HC revealed 20,081 m/z features across four
treatments. Principal component analysis (PCA) (Figure 22b) showed distinct
clustering, i.e., the samples from both plant species, both in the presence or
absence of the AM fungus, are clustering separately, indicating the crucial
influence of AM fungal hyphae on the transport of plant compounds such as
flavonoids.
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We retained features with a minimum intensity of 1,000 counts in at least one
sample group, resulting in 13,513 features. ANOVA analysis (P <0.05) identified
11,662 significant features. MS-FINDER structural annotation of these features
recorded MS/MS spectra for 2,056 features, identifying 441 potential metabolites,
with 23 annotated as flavonoids (Supplemental dataset 1). Eight flavonoids were
found exclusively in RCM-runcatulajC+Rirregularis treatment, suggesting transport
from M. truncatula roots via AM fungal hyphae. One of these was a luteolin
derivative, known to attract S. meliloti and induce nodulation genes (Peters et al.,
1986). Three compounds were present in both RCMruncatulajC+Rirregularis apq
RS tuberosum/gC+Rirregularis — treatments, and two features were unique to
RS tuberosum [y C+R irregularis traatment

ERM exudates impact the growth and gene expression in S. meliloti

We investigated the influence of exudates from ERM in the HC connected to M.
truncatula or S. tuberosum in the RC on S. meliloti growth and nodulation genes
expression. The growth of S. meliloti was analyzed over a 72-h period (Figure
22¢). In treatments without hyphae in the HC (control), slow bacterial growth was
observed with no significant differences between RCM-runcatula/gC-Rirregularis gpq
RS tuberosum /g C-Rirregularis treatments. Conversely, with hyphae in the HC (with
ERM exudates), S. meliloti growth was significantly higher. The growth pattern
was sigmoidal, with a minimal increase during the first 4 and 10 hours for
RcMtruncatula/HCJrRirregularis and RcS.tuberusum/HCJrRirregularis treatment, respectively
(Figure 22c), followed by exponential growth, plateauing at 30 and 60 hours,
respectively. From the 3™ hour onward, CFUs in RCM-truncatula/gC+Rirregularis
exudates were significantly higher than with RCSuberosum/gCtRirregularis exy dates,
These results indicate that ERM exudates stimulate bacterial growth, especially
when connected to the legume.

We further investigated whether the MSR™"N medium in the HC containing
hyphae connected to M. truncatula or S. tuberosum in the RC could trigger Nod
factor expression in S. meliloti. The expression of eight nod genes (nodD1, nodD2,
nodD3, nodA, nodB, nodC, nodl, and nodJ) was analyzed at 0, 2, 4, 6, 12, and 24
hours after adding the bacterium to the medium (Figure 26; Figure 27). No
significant differences in gene expression were observed between the two control
treatments at any time point.

Focusing on the nodD genes, which code for the transcription factor NodD, we
oun at  no expression was  significan igher in e
found that dD1 P gnificantly  high th

RCMiruncatulajyC+Rirregularis  treatment compared to both controls and the
RS mberosum/fC+Rirregularis  treatment at 6, 12, and 24 hours. In the
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RCS:uberosum/pCHRirregularis treatment, nodD1 expression was significantly higher
at 6 hours but lower at other times compared to both controls (Figure 26a). For
nodD2, expression was significantly higher in the RCMruncatulapC+Rirregularis
treatment at 2, 4, 6, 12, and 24 hours compared to both controls, and except at 0
and 2 hours, it was also higher than in the RCSberosum/gC R irregularis treatment. In
the RCS-mberosum/HC+Rirregularis treatment, nodD2 expression was only significantly
higher than both controls at 2 hours (Figure 26b). The nodD3 expression was
significantly higher in the RCM-fruncatulajfyC+R irregularis treatment at 0, 2, 6, 12, and
24 hours, and in the RCSwberosum/gC+R irregularis treatment at 0, 2, 6, and 24 hours
compared to both controls. Additionally, the RCSberosum/[C+Rirregularis treqatment
showed higher nodD3 expression compared to the RCMruncatula/pyC+Rirregularis
treatment at 0 hours, with the reverse observed at later times (Figure 26c¢).
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Figure 26. Impact of ERM exudates on the nod gene expression of S. meliloti.
Relative expression of nodD1 (a), nodD2 (b), and nodD3 (¢) in S. meliloti at 0, 2,
4, 6, 12, and 24 hours after inoculation in the hyphal compartment (HC) of four
treatments: RCM‘ truncatula /HC+R‘ irregularis’ RCM‘ truncatula /HC’R' irregularis’
RCStuberosum /Hc+R4irregularis’ and RCS.tuberusum /Hc—Rirregularis' Expression values were
normalized to the RCS:wberosum/[C-Rirregularis reatment (not shown). Shaded areas
represent error bars. Data (n = 6) are means + SD and were analyzed by one-way
ANOVA with Tukey’s post-hoc test (P < 0.05). Different lowercase letters above
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each time point on the X-axis indicate significant differences between treatments
at that time point, with the letters in sequence representing

M. truncatul +R.irregulari; M.truncatul —R.irregulari S.tuberos +R.irregularis
RC runcatu a/HC rregu. arzs’ RC runcatu a/HC irregu. arzs’ RC U erosum/HC mrregu. arls’

and RCS tuberosum /Hc—R. [rregular[s'

The structural nod genes were further analyzed. The expression of nod4 was
significantly higher in the RCMuncatula/[ C+Rirregularis treatment at 4, 6, 12, and 24
hours compared to both controls and the RCSuberosum/CtRirregularis treatment
(Figure 27a). In the RCSuberosum/gC+Rirregularis treatment, nodA expression was
significantly higher at 2, 4, 6, and 12 hours compared to both controls (Figure
27a). For nodB, the RCMruncatula/gCtRirregularis treatment showed significantly
higher expression compared to both controls at all time points (Figure 27b). In
contrast, the RCSwberosum/C+Rirregularis treatment had significantly higher nodB
expression than the controls at 0, 2, and 6 hours, but significantly lower at 12
hours (Figure 27b). When comparing both treatments, nodB expression was
significantly higher in the RCM-#uncatula/[ C+Rirregularis treatment at 4, 6, 12, and 24
hours, and significantly lower at 0 and 2 hours, compared to the
RS uberosum g C+Rirregularis reatment (Figure 27b). The expression of nodC was
significantly higher in both ~ RCMiruncatulajpyC+Rirregularis and
RS tuberosum /g C+R irregularis treatments compared to both controls at 0, 2, and 24
hours (Figure 27¢). The nodC expression was not significantly different between
the two treatments, except at 2 hours where it was higher in the
RS uberosum R irregularis treatment, and at 4, 12, and 24 hours where it was higher
in the RCMuneanla/gqCHRiregularis— (Rigure  27c). For nodl, both
RcMtruncatula/HCJrRirregularis and RCS.tuberusum /Hc+R4irregularis treatments showed
significantly higher expression compared to both controls only at 24 hours, with
lower expression at all other time points, except 0 and 4 hours (Figure 27d). The
expression of nodJ in the RCM-fruncatula/gyC R irregularis treatment was significantly
higher compared to both controls at 2 and 4 hours, and significantly lower at 6
and 12 hour (Figure 27¢). In the RCSuberosum/gCtRirregularis treatment, nod.J
expression was significantly higher than both controls only at 2 hours and
significantly lower at all other time points, except at 24 hours where there was no
difference (Figure 27¢). Additionally, nod.J expression was significantly higher
in the RCM-fruncatula/g C+R.irregularis treatment at 0, 2, 4, and 6 hours compared to the
RS tuberosum /g C+Rirregularis treatment (Figure 27¢). Overall, the expression of most
genes (nodA, nodB, nodD1, nodD2 and nodD3) significantly increased after the
6™ hour in the RCM-runcatula/gC+Rirregularis treatment suggesting that these genes
play a crucial role throughout the regulatory process.

81



RESEARCH RESULTS — CHAPTER 1

a b
30000 RCM tuncatlajp R iregulas _— 2000 RCMtruncatulayy +R iregularis 68
RC S tuberosump s +R.imegularis 1800 RC S tuberosum s +R.iiregularis
250004, peMtuncatulayc-Rimegularis 1600 4 e RCMiruncatiiay G-R imeguiaris
S 20000 “ 5 1400
‘0 1 ‘»
g g 1200 5,
% 15000 % 1000+ g
Q o 800 %
= 10000 - = ] k]
© © 600 e
Q Q
—_— ...} 400
X 5000 b 3 i i [r— o
200
04 — & e i N 0 - . -
aaaa bacc abcc abcc abgcc abbb bacc bacc abbb abcc acbb abbb
T T T T T T -200 T T T T T T
0 2 4 6 12 24 h 0 2 4 6 12 24 h
d 6+
4504 RCMtruncatulajyc+R iegularis RCMtruncatulajy +Riregularis
RC S tuberosum s +R imegularis nodC RCS tuberosumi +Rimegularis nodl
4004 4 RCMruncatula iy R imegularis 5 o s RCM-truncatulajy c-R.irreguleris
< 3504 e
kel 24
®» 3004 s 7
] [ o
52507 ¢ 54
x e X
w200 - o
[ & [
2 150 | =24
o o o
© 100+ [0)
(' o 1 -~ . - . " .
50 4
04 = = —————d " o
50 a,abb bacc bcaa bbaa bcaa abcc a,a,aa bcaa abaa bcaa bcaa aabb
- T T T T T T T T T T T T
0 2 4 6 12 24 h 0 2 4 6 12 24 h
e
140 4 RCM-truncatulag s +Rimegularis  nodJ
RCS tuberosum iy +R imegularis
1204 4 RCM-truncatulac-Rimeguiaris
S s
& 1004
©
g 80+ Q
x 8
o H
© 60 g,
= k]
"'u’ &
o 404
@ o
204
OAab‘aa a,b‘.cc ac‘,bb

0 2 4 6 12 24 h

Figure 27. Impact of ERM exudates on the relative expressions of nodA4 (a), nodB
(b), nodC (¢), nodl (d) and nodJ (e) in S. meliloti at 0, 2, 4, 6, 12, and 24 hours
after inoculation of the bacteria in the HC of RCMmuncamlajgC+Rirregularis
RCM truncatula /H C—RA irregularis , RcS tuberosum /Hc+RA irregularis and RCS tuberosum /HC-
Rirregularis treatments. The results were normalized by comparing the transcripts to
the relative expression value in RCS-wberosum/HC-Rirregularis treatment (not shown in
the figures). The light-colored background behind the lines on the figure
represents the connecting error bars. Values are averages with SD. Data (n = 6)
were analyzed by a one-way ANOVA followed by the Tukey post-hoc test (P <
0.05). Different lowercase letters above each time point on the X-axis indicate
significant differences between treatments at that time point, with the letters in
sequence representing Rthruncatula /Hc+RAirregularis’ Rthruncatula /Hc—RAirregularis’

82



RESEARCH RESULTS — CHAPTER 1

RCS tuberosum /H C+R‘ irregularis and RCS. tuberosum /H CfR. irregularis .
RCM-truncatulajgyC+Rirregularis, with M. truncatula in the RC and hyphae in the HC;
RCM-truncatulajgyC-Rirregularis: with M. truncatula in the RC but no hyphae in the HC;
RS tuberosum /g C+Rirregularis, with S fuberosum in the RC and hyphae in the HC;
RS tuberosum /g C-Rirregularis. \ith S tyberosum in the RC but no hyphae in the HC.

We then conducted a in silico binding study between eight flavonoids from
Rthruncatula /Hc+R4irregularis treatment and two from RcSAtuberosum /Hc+R4irregularis
treatment with NodD1, NodD2, and NodD3 (Figure 28f; Annex II). Among all
the ten flavonoids, sagittain B exhibited the most stable binding, with binding
energies of —9.46, —9.39, and —9.08 Kcal-mol™! for NodD1, NodD2, and NodD3,
respectively. These results suggest that sagittain B, which is particularly present
in RCM-runcatulapC+Reirregularis ' hag g particularly strong binding affinity for NodD
factors, suggesting a potentially dominant role in S. meliloti chemotaxis.
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Figure 28. Schematic representation of the two pathways for AM fungi-colonized
legumes to recruit Rhizobia. In the direct pathway (left side), root exudates
mediate the short-distance recruitment (a few millimeters) of rhizobia via the
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release of flavonoids (a), the perception of which activates the production and
secretion of thizobial Nod factors (b), which subsequently stimulate the root hairs
to curl around the rhizobia, penetrating the hairs via an infection thread (c),
ultimately stimulating the formation of the nodule (d). In the indirect pathway
(right side), the extraradical mycelium of the AM fungus connected to the legume
release sugars (i.e., glucose), stimulating rhizobial growth, and flavonoids, acting
as signal molecules allowing the bacteria to sense the presence of a compatible
host at far distances in the soil (> 10cm) (e). In return, the rhizobia stimulate the
cytoplasmic/protoplasmic flow increasing the release of exudates (i.e., nutrients
and signals). A gradient of exudates/signals is established from roots to hyphal
tips, attributable to the combination of (i) a dilution effect of exudates from base
to tip of hyphae, (ii) a decrease in number and density of hyphae, (iii) a
combination of root hairs and potentially hyphae release of exudates in the
rhizosphere. This gradient plays a role as chemoattractant allowing the bacteria to
move in the direction of the host plant. At this stage it is unknown whether the
transport of flavonoids by hyphae is via a liquid film at the hyphae surface or via
cytoplasmic/protoplasmic streaming within the hyphae. In silico binding studies
of NodD1 (left), NodD2 (middle), and NodD?3 (right) proteins of S. meliloti and
10 flavonoids (f). Here NodD—flavonoid complexes were arranged based on their
binding affinities (the more negative the values, (Kcal-mol™), the stronger the
interactions). Each NodD—flavonoid complex form hydrogen (green dotted line
between amino acid and flavonoid) and hydrophobic (red half circles) bonds
during NodD—flavonoid interaction. The central picture (inside the oval circle)
predicts the binding sites of 9 flavonoids in NodD protein of S. meliloti. Individual
figures are shown below. A: sagittain B1 and sagittain B2; B: isosakuranetin-
hexosyl-deoxyhexose; C: luteolin-acetylhexuronide; D: taxifolin-deoxyhexosyl-
oxanepentol; E: haploside C; F: sudachiin A; G: tetrahydroxy-
tetramethoxyflavone-hexoside; H: trihydroxy-flavanone-hexosyl-pentose; I:
trimethoxy-hydroxy-methyl-flavanone-dihexosyl-deoxyhexose. Sagittain B1 and
Sagittain B2 were merged into a single flavonoid as their comparison results in
the PubChem (https://pubchem.ncbi.nlm.nih.gov/) were identical. The H and I are
exclusively found in the RCSwberosum/gC+Rirregularis treatment. Note: The
proportions of elements in this schematic, including hyphae, roots, and rhizobia,
are exaggerated for illustrative purposes and do not reflect their actual scale.

S. meliloti efficiently colonizes the surface of R. irregularis hyphae and
spreads rapidly along the ERM network to form nodules in M. truncatula

To investigate the interactions between S. meliloti and the ERM of R. irregularis,
we examined the movement of S. meliloti along the hyphae connected to M.
truncatula (Figure 23a; Figure S2). Using time-lapse microscopy imaging, we
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observed that S. meliloti inoculated onto hyphae moved as motile cells and formed
thick (6.1 to 22.9 pm) multicellular colonies, resembling a biofilm (Figure 23b,
c¢). The cells also colonized spore surfaces, forming multilayers (Figure 23d).
After 14 d, the bacteria inoculated on the hyphae in the HC had migrated to the
RC, forming functional nodules (Figure 23¢).

We analyzed S. meliloti migration along hyphae towards plant roots in the RC.
Starting 12 hours post-inoculation, S. meliloti migrated 47.1% farther toward RC
than away from RC (Figure 29a; Figure S4; Video S1). The velocity of
cytoplasmic flow in the hyphae significantly increased at 12 and 24 hours after
inoculation, with no significant changes observed in the PBS and non-inoculated
treatments (Figure 29b; Video S2).
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Figure 29. Microbial migration and cytoplasmic flow in mycorrhizal hyphae. (a)
Migration of S. meliloti along R. irregularis hyphae in the HC connected to M.
truncatula in the RC. Migration was measured towards the root (Toward RC) and
away from the root (Away from RC) at 2, 4, 6, 12, and 24 hours after bacterial
plating on the hyphae surface. (b) Cytoplasmic/protoplasmic flow within R.
irregularis hyphae inoculated with S. meliloti, PBS or non-inoculated, measured
at 2,4, 6, 12, and 24 hours. The box plot displays the maximum, upper quartile,
median, lower quartile, minimum values. Hollow squares represent mean values,
dots represent individual measurements. Data (n = 6) were analyzed by a one-way
ANOVA followed by a Tukey post-hoc test (P < 0.05). Different lowercase letters
above the box plots indicate significant differences among each treatment. In the
gray box, the results of the two-way ANOVA on “Treatment” and “Time” are
presented, where ** represents P < 0.01.
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Hyphae connecting M. truncatula to S. tuberosum favor the migration of S.
meliloti towards the legume

To further investigate the role of plant-connected AM fungal hyphae in recruiting
rhizobia, a tri-compartment setup (Figure 24a; Figure S3) was used. Microscopic
observations indicated that rhizobia preferentially migrate towards M. truncatula
at 6 and 12 hours (Figure 24b). Bacterial multilayer thickness increased
significantly at 12 hours and was 1.8 times thicker at 24 hours, indicating rapid
proliferation (Figure 24c). Cytoplasmic flow velocity in hyphae increased from
4 hours post-inoculation, suggesting high nutrient demand by proliferating
rhizobia (Figure 24d).

In the quadri-compartment pot device (Figure 25a; Figure S5), the CMN was
well established, with 82.5 + 4.4% total colonization and 30.3 + 4.3% arbuscule
colonization in P. lanceolata within the CC (Table S3). This provided a solid
foundation for studying S. meliloti’s ability to migrate along AM fungal hyphae.
Bacterial migration along hyphae significantly increased, with 196 CFU g ! in
hole A6 by day 5 (Figure 25b). Without ERM, CFUs were almost 0 CFU-g"! in
hole A6 (Figure 30). Fourteen days post-inoculation, the first nodule appeared
(Figure 25¢, d). After 4 weeks, M. truncatula™® ' had 4 + 2 nodules per pot (10.5%
mature), and after 8 weeks, 40 + 15 nodules (63.1% mature) (Figure 25d). No
nodules were observed in treatments without ERM, indicating that AM fungal
hyphae are a primary pathway for the migration of rhizobia over long distances to
the roots, leading to nodulation.
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Discussion

The extraradical hyphae of AM fungi extend from plant roots to the soil, where
they interact with microbial communities in the hyphosphere (the narrow zone of
the soil influenced by the hyphae). This interface shapes microbial communities
(Jin et al., 2024) and aids plants in acquiring nutrients such as P (Zhang et al.,
2018a) and N (Hestrin et al., 2021). Studies indicate an increase in legume
nodulation when colonized by AM fungi (Andrade et al., 2004; Hao et al., 2019),
suggesting these microorganisms enrich the rhizosphere with competent rhizobia.
However, the mechanisms by which AM fungal hyphae facilitate the movement
of N-fixing rhizobia along their surface towards legume roots remain largely
unknown. Here we have developed in vitro plate systems to test the migration of
S. meliloti to leguminous and non-leguminous plants connected to AM fungi, and
a greenhouse-based quadri-compartment pot device to test this migration in the
presence or absence of AM fungal ERM connections. We demonstrated that, in
addition to the short-distance direct pathway via root epidermal cells and root
hairs releasing flavonoids (Cesco et al., 2010; Zhang et al., 2020), there is an
indirect “mycorrhizal” pathway. In this pathway, rhizobia is able to move over
long distances along the hyphae surface to the roots, leading to nodulation (Figure
25).

Similar to root exudates in mediating plant-microorganism interactions, fungal
hyphae release C-rich compounds like sugars and organic acids into their
environment (Hao et al., 2019; Hestrin et al., 2021), feeding the microorganisms
developing at their surface. Some exudates also act as signaling molecules, such
as fructose from R. irregularis, which triggers phytate mineralization by
phosphate-solubilizing bacteria (Zhang et al., 2018a). In legume-rhizobia
interactions, flavonoids released by plant roots are essential signaling molecules
that activate nod gene transcription and Nod factor synthesis in rhizobia, leading
to nodulation (Vierheilig et al., 1998b; Perret et al., 2000; Yuhashi et al., 2000;
Maj et al., 2010). Our metabolomics approach compared flavonoid compounds
transported by hyphae connected to M. truncatula and S. tuberosum. Flavonoids
were detected in the hyphae-containing HC of both plants. However, eight unique
flavonoids were found in the HC connected to M. truncatula, including three
flavonol glycosides, two flavanone glycosides, two flavone glycosides, and one
flavone glucuronide. Quercetin-3-O-galactoside and luteolin-7-O-glucoside
(flavone glycosides) are known to promote S. meliloti growth (Hartwig et al.,
1991), which may explain the increased growth observed in the
RCMruncatula/yC+Roirregularis treatment (Figure 22¢). In contrast, only two kinds of
flavanone glycosides were detected exclusively in the HC connected to S. meliloti.
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It remains unclear whether these compounds were transported inside the hyphae
or along their surface.

Luteolin, which induces nodulation gene expression in S. meliloti (Peters et al.,
1986; Hartwig et al., 1989), was detected as luteolin-acetylhexuronide in our
study. Our metabolomic analysis showed that flavonol glycosides, which
stimulate rhizobia, were exclusive to the RCMuncatulajpyC*Rirregularis treqtment.
NodD1, nodD2, and syrM2 regulate the flavonoid-induced symbiotic gene
expression and nodule growth (Kobayashi et al., 2004). External addition of
isoflavones enhances nod-lacZ fusion expression in Bradyrhizobium japonicum
(Banfalvi et al., 1988). Therefore, we hypothesize that flavonol glycosides may
play an important role in regulating nod gene expression in S. meliloti. Further
investigation, such as gene knockout studies or reporter gene assays, is needed to
elucidate their precise mechanisms and effects.

NodD, beyond activating nod genes, indirectly influences chemotaxis by
regulating genes involved in exopolysaccharide production, flagellar function,
and chemotaxis receptors like McpV, facilitating rhizobial movement toward host
plants (Suominen et al., 2003; Barnett and Long, 2015; Compton et al., 2018).
NodD1 and NodD2 are the main flavonoid-sensing regulatory factors in S.
meliloti (Machado et al., 1998; Peck et al., 2006; Barnett and Long, 2015). These
highly homologous proteins directly respond to flavonoids secreted by host plant
roots, activating the expression of nod genes, a crucial step in root nodule
formation (Honma and Ausubel, 1987; Machado et al., 1998). In contrast, NodD3
functions through the transcriptional regulator SyrM, exerting its role under
specific conditions and activating nod gene expression even in the absence of
flavonoids (Dusha et al., 1999; Barnett and Long, 2015). This observation
highlights the greater importance of NodD1 and NodD?2 in flavonoid sensing, as
they directly participate in the response to host plant signals. To validate the
function of NodD binding to flavonoids, we performed in silico binding studies
(Annex II). More negative binding affinity indicates stronger interaction
(Owoloye et al., 2022). Due to the high homology between NodD1 and NodD2
proteins, our molecular docking analysis revealed that all flavonoids bind to the
same region of these proteins (Annex II). Among the ten flavonoids detected in
the RcMtruncatula/HCJrRirregularis and RCStuberosum /HC-R.irregularis treatments, sagittain
B (belonging to flavonol glycosides) showed the highest negative binding aftinity
(i.e., —9.46 Kcal-mol™! with NodD1 and —9.39 Kcal-mol™! with NodD2) (Figure
28f). It was only found in the RCM-fruncatulajpyC+Rirregularis treatment and exhibited
the highest integrated peak area simultaneously (Supplemental dataset 1).
Meanwhile, NodD3 also plays a vital role in symbiotic signaling, particularly
under flavonoid-independent conditions (Barnett and Long, 2015). It regulates the
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expression of symbiotic genes through SyrM, thereby influencing the symbiotic
process (Dusha et al., 1999; Barnett and Long, 2015). This flavonoid-independent
role explains the high expression of nodD3 at 0 hours (Figure 26c) in our study,
followed by a rapid decrease due to the subsequent upregulation of nodD2
(Figure 26b). Even though NodD3 does not require exogenous flavonoids for nod
gene activation, the molecular docking analysis showed a high negative binding
affinity for sagittain B (i.e., —9.08 Kcal'mol™!) (Annex II). Thus, we could
conclude that although flavonoids are less essential for NodD3, they could still
act as signaling molecules to bind with NodD3 and modulate its interaction with
other NodD proteins when sufficient external flavonoids are present. Moreover,
NodD?2 primarily induces nod gene expression and can compensate for the lack
of NodD1 activity (del Cerro et al., 2015). Our results supported this, showing
that when S. meliloti was plated on the medium containing AM fungal hyphae,
NodD1 was not rapidly activated, as evidenced by the lack of early (0, 2, and 4h)
nodD1 gene expression upregulation (Figure 26a). Instead, NodD2 quickly
responded to external flavonoid signals, activating nodD2 gene expression to
compensate for the delayed NodD1 response, thereby initiating the downstream
nodulation process (Figure 26b). It has been reported that S. meliloti is not
attracted to flavonoids found in alfalfa seed exudates (Compton et al., 2020).
However, that study was restricted to four exogenous flavonoids (hyperoside,
luteolin, luteolin-7-glucoside, and chrysoeriol), which do not overlap with the
eight flavonoids detected solely in the RCM-fruncatulajjC+Rirregularis treatment in our
study. Therefore, their conclusion could not be extended to our results. Moreover,
we performed a molecular docking analysis of the four flavonoids mentioned in
previous study (Compton et al., 2020) with NodD1, NodD2, and NodD3 and
observed that their most stable binding affinities were —8.36, —8.37, and —8.32
Kcal-mol ™, respectively (Annex II, Figure S13, Figure S15, Figure S17), which
were much lower than the —9.46 and —9.36 Kcal'-mol™' observed in our study.
Based on these findings, we conclude that the distinct regulatory mechanisms of
the NodD proteins underscore the complexity of the symbiotic signaling network
in S. meliloti, where NodD1 and NodD2 are central to the initial flavonoid-
mediated activation of nod genes.

Our in vitro data support that S. meliloti uses ERM exudates for catabolism and
growth (Leveau and Preston, 2008), forming biofilm-like multilayers on hyphae
surfaces and spores, suggesting that R. irregularis provides nutrients for S.
meliloti reproduction. Without ERM exudates, growth was significantly limited,
whereas exudates from hyphae connected to M. truncatula or S. tuberosum
promoted sigmoidal growth, with faster growth observed from M. truncatula
hyphae exudates. This suggests that hyphae connected to M. fruncatula release
not only nutrients but also signals that may enhance S. meliloti growth, extending
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microbial perception beyond the rhizosphere. These observations need to be
extended to other AM fungal species but S. meliloti seems to behave as a true
fungiphile well-adapted to live in the hyphosphere of AM fungi.

In the migration experiment (Fig 4a), S. meliloti preferentially migrated to the RC,
indicating attraction by signals from hyphae connected to M. truncatula. Analysis
of exudates from these hyphae suggests some of these signals may be the eight
unique flavonoids detected in the RCM-runcatula/g C+Rirregularis treatment. S. meliloti
on the hyphae surface also stimulated cytoplasmic flow within the hyphae,
suggesting that unknown molecules from S. meliloti enhance R. irregularis
cytoplasmic flow. In the presence of rhizobia, flow speed was 10.78 um's™,
compared to 6.01 um-s™' without rhizobia, and 5.87 um's™' with PBS. A higher
resource allocation is therefore expected in presence of rhizobia, potentially
stimulating the bacterial growth.

Mycelial networks, which are hydrophilic, expedite bacterial dispersal by
providing continuous bacterial films around their hyphae (Kohlmeier et al., 2005;
Banitz et al., 2013; Zhou et al., 2022). The ERM can interconnect plants of the
same or different species, forming CMNs (Mikkelsen et al., 2008; Voets et al.,
2008; Song et al., 2010). These networks allow plants to receive warning signals
and potentially exchange nutrients (Simard et al., 2012; Durant et al., 2023). Our
study showed that S. meliloti inoculated on hyphae linking M. truncatula to S.
tuberosum preferentially migrate toward M. truncatula (Figure 24b), likely due
to a gradient of chemoattractant signals (e.g., flavonoids) from M. truncatula
connected hyphae, explaining slower migration towards S. tuberosum. This
suggests that signal molecule concentration plays a crucial role in attracting S.
meliloti, affecting its migration within the CMN. We detected eight unique
flavonoids in the RCM-fruncatula/gC*Rirregularis treatment. Their effects on nod gene
expression and preferential migration towards M. fruncatula suggest these
flavonoids may drive S. meliloti’s selective preference. Previous studies support
this, demonstrating that chemotaxis response to root exudates initiates rhizobia
recruitment and root interactions (Dakora et al., 1993; Feng et al., 2021).

Flavonoids, also well-known as signaling molecules in AM symbiosis (Singla and
Garg, 2017), were shown in this study to be transported by AM fungal hyphae,
enabling the stimulation of rhizobia at distances far beyond the rhizosphere,
thereby suggesting a mechanism for rhizobial migration and potential symbiosis
establishment with legumes. Although our in vitro experiments provided initial
evidence of rhizobial transport via AM fungal hyphae, the quadri-compartment
pot experiment in the greenhouse, using a sand-vermiculite substrate, further
demonstrated that this transport also occurs under more soil-like conditions,
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facilitating long-distance rhizobial dispersal and nodule formation. Hyphae could
be a preferential route for long-distance S. meliloti migration, as shown in the
greenhouse experiment. S. meliloti placed in the CC migrated toward M.
truncatula connected by hyphae (approx. 15 c¢cm). No nodules were observed
without hyphae connections. Thus, hyphae likely serve as conduits, with their
exudates acting as chemoattractants by providing nutrients and signaling
molecules that help rhizobia sense compatible host plants. In addition, hyphae
function as conduits, facilitating the rapid migration of rhizobia through soil to
the roots, resulting in nodulation. Although ambient rhizobial levels in bulk soil
are generally sufficient for nodulation of endemic legumes, their spatial
heterogeneity can result in microsites with suboptimal densities, potentially
limiting nodulation efficiency (Hirsch, 1996; Andrade et al., 2000; Bever and
Simms, 2000; Sindhu et al., 2020; Young and Crawford, 2004; Parr et al., 2017).
AM fungal hyphae can enhance rhizobial dispersal towards roots, especially in
heterogeneous environments, aiding rapid colonization of new roots (Westhoek
et al., 2017; Mendoza-Suarez et al., 2020; D. Wang et al., 2022; Knights et al.,
2024). This dispersal mechanism may be particularly beneficial under natural
ecosystem conditions where rhizobial distributions are uneven and competition in
the rhizosphere is intense (Sprent, 2009; Simon et al., 2017; Zhang et al., 2020;
Zhou et al., 2020; Jin et al., 2024). Our results suggest that, without being the only
pathway, AM hyphae constitute an additional means of root acquisition of
rhizobia, which could confer advantages in specific environmental scenarios.
Further research needs to be conducted to validate these findings across different
soil conditions and ecosystems.

Conclusion

Root exudates can mediate the short-distance recruitment of rhizobia. For long
distances (several cm) water mass flow (Vicario et al., 2015) or other vectors
(Zhang et al., 2020) are often mentioned. Our study suggested that the ERM of
AM fungi can serve as a route for rhizobia to migrate from long distance to the
root, therefore representing an indirect pathway to initiate legume-rhizobia
interaction. Given that all legumes are host to AM fungi, that hyphae are
hospitable microhabitats for rhizobia and that AM fungal mycelium vastly extend
in soil (from 82 to 111 m-cm™ in prairie and 52 to 81 m-cm™ in ungrazed pasture
(Miller et al., 1995)), these below-ground fungi can be considered as important
contributors in rhizobia dispersal in the soil. In addition to nutrients provision, the
hyphae release signaling chemoattractant molecules facilitating the acquisition
and movement of rhizobia to the legume. Our study supports the combined
application of AM fungi and rhizobia to improve the efficiency of nitrogen
fixation in legume crops. It also raises the hypothesis that agricultural practices
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that disturb the mycelial networks of AM fungi (e.g. physical disturbances) could
indirectly influence rhizobia-legume interactions, particularly in soils where
rhizobial density is low and/or in the absence of rhizobia seed coating, a relatively
common agricultural practice, although further research is needed to explore these
effects in concrete agronomic contexts. (Figure 28).
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Chapter 11

Legume-specific recruitment of rhizobia by hyphae of arbuscular
mycorrhizal fungi

Based on the article published in 2025 in The ISME Journal, volume 19, issue 1
(article number: wraf100), with appropriate modifications.

Impact factor: 10.8

Jiadong He, Judith Van Dingenen, Sofie Goormachtig, Maryline Calonne-Salmon,
Stéphane Declerck
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Preface

In agricultural ecosystems, legumes form complex relationships with soil
microorganisms, including arbuscular mycorrhizal (AM) fungi and nitrogen (N)-
fixing rhizobia, which enhance plant nutrition and growth. While AM fungal
extraradical mycelia (ERM) have been shown to facilitate rhizobial migration
toward legume roots over long distances (see Chapter 1), the specificity of
rhizobial recruitment in complex plant-microbe networks remains poorly
understood. The role of a common mycorrhizal network (CMN) in selectively
recruiting host-specific rhizobia in mixed legume systems has yet to be fully
elucidated.

In Chapter II, we build on the findings of Chapter I to investigate whether
rhizobia exhibit a preference for their specific legume hosts when mediated by
CMNs. Using in vitro cultivation systems and greenhouse microcosms, we
explored (i) whether host-specific flavonoid signals are transmitted through
CMN:s to influence rhizobial behavior, and (ii) whether rhizobia preferentially
migrate toward their compatible host plants in mixed legume systems.

By employing two fluorescently labeled rhizobial species (Sinorhizobium meliloti
and Bradyrhizobium diazoefficiens) and metabolomics to analyze fungal
secretions, we demonstrate that CMNs function as both information highways,
transmitting host-specific chemical signals, and physical networks, facilitating
rhizobial migration. Our results revealed that rhizobial migration is guided by
host-specific signals transmitted via the CMN, highlighting a remarkable
selectivity in plant-microbe interactions.

This research advances our understanding of the mechanisms driving selective
rhizobial recruitment and emphasizes the critical role of AM fungal networks in
shaping legume-rhizobia symbioses, with implications for improving N, fixation
in sustainable agriculture.
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Abstract

The legume-rhizobia symbiosis possesses great potential for sustainable
agriculture because of its ability to fix atmospheric nitrogen, reducing crop
dependence on nitrogen fertilizers. Rhizobia recognize the host legume through
flavonoids released by the roots. These signals are detected by bacteria typically
over a few millimeters. Recent research has shown that arbuscular mycorrhizal
fungi extend this recognition beyond 15 cm by transporting flavonoids along their
hyphae. In soil, common mycorrhizal networks linking plants are formed by
arbuscular mycorrhizal fungi. We hypothesized that such networks linking
different legumes can transmit host-specific signals, guiding rhizobia to their
appropriate hosts. Using in vitro and greenhouse microcosms, we linked
Medicago truncatula and Glycine max via a common mycorrhizal network of
Rhizophagus irregularis and inoculated GFP-labeled Sinorhizobium meliloti and
mCherry-labeled Bradyrhizobium diazoefficiens on the hyphae. S. meliloti
preferentially migrated towards M. truncatula, whereas B. diazoefficiens
preferentially migrated towards G. max (155 + 8 and 13 = 3 nodules, respectively).
This was confirmed in the greenhouse with a higher concentration of S. meliloti
(2.1-2.5 x 10° CFU'g™") near M. truncatula and a higher concentration of B.
diazoefficiens (1.5-1.6 x 10° CFU-g™") near G. max (71-82 and 15-18 nodules,
respectively). Metabolomics revealed host-specific flavonoids in hyphal exudates:
M. truncatula-connected hyphae released DL-liquiritigenin, naringenin,
sakuranetin, and 3,7-dimethylquercetin, whereas G. max-connected hyphae
released daidzin, 6°’-O-malonyldaidzin, irilone, and erylatissin A. These findings
establish that common mycorrhizal networks constitute a “navigation system”,
using chemical signals to orient rhizobia towards their specific hosts, thereby
improving nodulation with potential applications in agriculture.

Introduction

Nitrogen-fixing bacteria (collectively known as rhizobia) can establish beneficial
interactions with legumes and fix atmospheric dinitrogen (N2) by forming a
specialized organ, the nodule (Masson-Boivin et al., 2009). However, they can
only fix N2 when they form nodules with roots of compatible leguminous plants
(Schultze and Kondorosi, 1998; Chen et al., 2021). For example, Medicago
truncatula forms indeterminate nodules with Sinorhizobium meliloti, whereas
Glycine max forms determinate nodules with Bradyrhizobium diazoefficiens
(Gubry-Rangin et al., 2010; Liu et al., 2018).
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Nodulating rhizobia exhibit limited mobility in soil and typically originate from
the soil environment rather than from seeds (Zhang et al., 2020). They are
attracted by specific compounds (flavonoids) released over a short distance (a few
mm) by root epidermal cells and root hairs (Bais et al., 2004). As a result, rhizobia
separated from their hosts by a long distance are unable to detect the host. In
addition, the presence of air-filled gaps between soil aggregates prevents rhizobia
from moving toward the roots using flagella without the aid of flowing water or
other vectors (Horiuchi et al., 2005; Vicario et al., 2015).

Previous research demonstrated that S. meliloti can migrate to the roots of legumes
(i.e., M. truncatula) from long distances (several cm) via the surface of the hyphae
of root-associated arbuscular mycorrhizal (AM) fungi, leading to nodulation (He
et al., 2024). Because the vast majority of legumes are hosts to AM fungi (their
hyphae provide a hospitable environment for rhizobia and the mycelium of these
obligate root symbionts is extensive and abundant (Soudzilovskaia et al., 2019;
Hawkins et al., 2023), spreads widely in the soil — from 82 to 111 m-ecm™ in
grassland and from 52 to 81 m-cm™ in ungrazed pasture) (Miller et al., 1995),
these belowground fungi represent an important indirect route for legumes to
recruit root-nodulating bacteria.

In soils, individual plants can be interconnected by common mycorrhizal
networks (CMNs) formed by AM fungal hyphae (Giovannetti et al., 2004;
Mikkelsen et al., 2008; Voets et al., 2006). These networks have been explored
for their potential roles in mediating interactions between connected plants,
including the transfer of carbon and nutrients (Barto et al., 2012), and the
transmission of signals involved in processes such as defense (Babikova et al.,
2013; Wu et al., 2017). However, the extent, net directionality, and ecological
significance of these functions, are subjects of ongoing research and critical
debate. Recent analyses have urged caution against overinterpretation and
highlighted the influence of methodological choices and potential citation biases
in some areas of CMN research (Karst et al., 2023; Kuyper and Jansa, 2023).
Nonetheless, experimental studies have provided evidence that certain signaling
molecules can be transported between plants via CMNs under specific conditions,
for instance, in the context of induced plant defense against herbivores (Song et
al., 2010; Gilbert and Johnson, 2015; Johnson and Gilbert, 2015). These
experimental observations of the movement of signaling molecules between
plants via mycelial connections suggest that CMNs could also facilitate the
transport of host-specific signals, such as flavonoids, involved in the recruitment
of rhizobia.
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It has been demonstrated that S. meliloti, plated on AM fungal hyphae linking a
legume (M. truncatula) to a non-legume (Solanum tuberosum) by a CMN,
migrated preferentially towards the legume suggesting the chemoattraction by
specific signals transported and released by the AM fungus connected to the
legume (He et al., 2024). This migration pattern was confirmed by a metabolomics
study revealing the presence of eight specific flavonoids released by AM fungal
hyphae linked to M. truncatula (He et al., 2024). However, it is not known
whether signals transmitted by two different legumes connected by a CMN can
enable rhizobia to specifically recognize their compatible host and migrate
towards it selectively.

In the present study we conducted a series of in vifro and greenhouse experiments
with two stable fluorescent rhizobia (S. meliloti pHC60-GFP and Bradyrhizobium
diazoefficiens mChe-1) specific to M. truncatula and G. max, respectively,
connected by a CMN of Rhizophagus irregularis MUCL 41833, for studying
preferential migration. We first confirmed in vitro that S. meliloti form nodules
with M. truncatula and not G. max and conversely that B. diazoefficiens from
nodules with G. max and not with M. truncatula. Next, we conducted a
comparative metabolomics study on the growth media containing AM fungal
hyphae connected to M. truncatula or G. max in a compartmented system to reveal
the presence and potential differences in flavonoids content. Finally, we carried
out an in vitro and a pot microcosm experiment with the two leguminous plants
connected by a CMN of the AM fungus to explore whether S. meliloti pHC60-
GFP and B. diazoefficiens mChe-1 show selective tropism towards their
respective plant hosts.

We show that CMN connecting two different legumes species allow rhizobia to
recognize and preferentially migrate towards their specific host and form nodules.
This preferential directional migration is probably guided by host-specific
flavonoid signals, as shown by comparative metabolomics analysis, which reveals
differences between hyphal exudates connected to the two legumes species.

Materials and methods
Biological material
Experiments utilized Rhizophagus irregularis MUCL 41833, Sinorhizobium

meliloti 2011 pHC60-GFP, Bradyrhizobium diazoefficiens mChe-1, Medicago
truncatula L. cv. Jemalong A17, Glycine max (L.) Merr., and Plantago lanceolata
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L., sourced and cultured as described in Section 1 of MATERIALS AND
METHODS.

Growth and nodulation of S. meliloti and B. diazoefficiens on M. truncatula
and G. max.

Seven-days-old G. max and M. truncatula plants were grown in Petri plates (90
mm diameter) on MSR™"””N medium (MSR medium lacking sucrose and vitamins
(MSR™")), containing half the normal N concentration (1.99 mM)) (He et al.,
2024). Six treatments were considered: (1 and 2) G. max or M. truncatula
inoculated with a phosphate buffered saline (PBS) solution (G.max®S and
PBS respectively), (3 and 4) G. max or M. truncatula inoculated with
S. meliloti (G.max>"*""" and M.truncatula , respectively), and (5 and 6) G.
max or M. truncatula inoculated with B. diazoefficiens (G.max?da=o¢liciens and

B.diazoefficiens

M. truncatula

S.meliloti

M.truncatula , respectively). The bacterial inoculum consisted of a
suspension of 150 pL of the bacteria in PBS solution, at a concentration adjusted
t0 9 x 10° CFU-mL"! (ODggo = 0.1). The bacterial suspension was directly pipetted
onto the roots of the plants to ensure direct contact between the bacteria and the
root surface. Control treatments received an equivalent volume of PBS without
bacteria. Six replicates were considered per treatment (Figure 31A, B). After 6
weeks, plants were removed from the Petri plates using sterile forceps, rinsed with
deionized water, and blotted dry with sterile paper towels. Roots were examined
under a stereomicroscope (Olympus SZ61) at 0.67x magnification with a cold
light source. Nodules were counted visually and classified based on color and
shape. Mature nodules were identified by their pink to red color indicating active
N> fixation, whereas immature nodules were white, meaning that N, fixation had
not yet begun (Vishwakarma et al., 2017). Additionally, nodules were categorized
as either determinate or indeterminate based on their shape. Determinate nodules
are typically spherical, whereas indeterminate nodules exhibit an elongated shape
due to continuous meristematic activity (Saeki, 2011).
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Figure 31. Experimental setup and evaluation of nodulation of M. truncatula and
G. max in vitro. (A) Schematic representation of the mono-compartmented Petri
plate system, with rhizobial inoculum (green dots: S. meliloti; red dots: B.
diazoefficiens). (B) Photograph of the mono-compartmented Petri plate system
with M. truncatula on the left and G. max on the right. (C) Nodules formed on M.
truncatula roots inoculated with S. meliloti. (D) Nodules formed on G. max roots
inoculated with B. diazoefficiens. (E) Epifluorescence microscopy images of an
indeterminate immature nodule on a root of M. truncatula. (F) Epifluorescence
microscopy images of a determinate mature nodule formed on a root of G. max.
(G) Number of immature and mature nodules formed on roots of M. truncatula
inoculated with S. meliloti (M.truncatula®™""" treatment) and on roots of G. max
inoculated with B. diazoefficiens (G.maxP4i4=o¢liciens treatment), respectively, six
weeks post-inoculation (z = 6 biological replicates). Different Greek letters (a, ),
lowercase letters (a, b), and uppercase letters (A, B), respectively, indicate
significant differences of immature, mature, and total nodule numbers between
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treatments (Student’s f-test, P < 0.05). No nodules were observed in the M.
truncatula® @=odi<iens and G.max>"¢"°" treatments (data not shown).

In vitro experimental design for analyzing flavonoids released by the ERM of
R. irregularis connected to G. max or M. truncatula

Following a previous study (He et al., 2024), bi-compartmented Petri plates (90
mm diameter) were used with G. max or M. truncatula associated with R.
irregularis in the root compartment (RC) containing 25 mL MSR™"*N medium,
and with the AMF fungus extending alone in the hyphal compartment (HC)
containing 10 mL liquid MSR™"N medium (Figure 32A, B). Four treatments
were established: RCG max/Hc+R. irregular[s’ RC G. max/Hc—R. irregular[s’
RcM.truncatula/Hc+R.[rregularis’ and RcM.tmncatula/Hc—R.[rregularis' At week 1 3’ the HC
liquid medium was aspirated with a sterile pipette under a laminar flow hood, and
10 mL fresh liquid MSR™"N (prepared fresh, autoclaved, and cooled to 25°C)
was added. After one week (week 14), the medium was collected into 15 mL
centrifuge tubes (Falcon, Corning, USA), snap-frozen in liquid nitrogen, and
stored at —80°C for subsequent flavonoid analysis via UPLC-HRMS at the VIB
Metabolomics Core Ghent.

Flavonoid analysis followed the protocol in Chapter I (In vitro experimental
design for analyzing flavonoids released by the ERM of R. irregularis in the HC),
with modifications. Six mL of MSR™"N medium was extracted with 6 mL
methanol for 1 hour, evaporated using a rotary evaporator, and resolubilized in
100 pL cyclohexane and 100 uL. Milli-Q water. After centrifugation at 14,000
rpm, 80 pL of the aqueous phase was filtered and analyzed via UPLC-HRMS at
the VIB Metabolomics Core Ghent. Data processing with Progenesis QI v3.0
detected 28,122 features, filtered to 11,749 features with ANOVA P < 0.01.
Structural annotation used MS-FINDER with parameters: MS1/MS2 tolerance of
5/10 ppm, relative abundance cut-off of 0.1%, and common element ratio check.
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Figure 32. Experimental setup and analysis of extraradical mycelium (ERM)
exudates in the in vitro bi-compartmented Petri plate system. (A) Schematic
representation of the bi-compartmented Petri plate system used to analyze the
transport and composition of ERM exudates. (B) Photograph of the bi-
compartmented Petri plate system with M. truncatula on the left and G. max on
the right. (C) Principal component analysis (PCA) plot based on compounds
detected in the MSR™"N medium collected from the hyphal compartment (HC),
showing significant differences (ANOVA, P <0.01) between treatments. Ellipses
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represent the 95% confidence interval for each treatment. RCE"*/HC *Rirregularis
(n = 4 biological replicates); RCom@/HCRirregularis (5 = 6 biological replicates);
RCMtruncatula /HC+R‘irregularis (I’l =6 biological replicates); RCM.truncatula /Hc—R.irregularis
(n = 6 biological replicates). (D) Venn diagram summarizing the overlapping
flavonoids between the four treatments. Counts of unique flavonoids are shown,
with percentages relative to the total unique count in parentheses. A:
RCG.max/HC+R.irregularis (I’l =4 biological replicates); B: RCM.truncatula /HC+R.irregularis
(n = 6 biological replicates); C: RCE"#/HCRiregularis (5 — 6 biological replicates);
D: RCMtruncatulajpyC-Rirregularis —(y — 6 bhiological replicates). (E) Heatmap
displaying relative abundance profiles of flavonoids (columns) across different
samples (rows, A1-D6). Different flavonoids were clustered using hierarchical
clustering (complete linkage, Euclidean distance) to group similar profiles. A:
RcGAmax/HchRAirregularis (I’l =4 biological replicates); B: RcMAtruncatula/HchRAirregularis
(n = 6 biological replicates); C: RCE"*/HCRiregularis (5 — 6 biological replicates);
D: RCM-runcatulajpyC-Rirregularis () — 6 biological replicates). (F) In silico binding
studies between NodD1 protein of B. diazoefficiens (B.d.) and S. meliloti (S.m.)
with  flavonoids detected exclusively in RCO™@/HCRirregularis — and
RCM-truncatulajyC+R irregularis treatments. Numbers in the panels represent binding
affinities (Kcal-mol™"), where more negative values indicate stronger interactions.
Flavonoids in red font (E, F) and red boxe (E) indicate those unique to
RCOmax/HCHRirregularis - are: 17.98 299.0548m/z (irilone), 19.66 353.1382m/z
(erylatissin A), 10.09 417.1180m/z (daidzin), and 12.08 503.1185m/z (6’’-O-
malonyldaidzin). Flavonoids in green font (E, F) and green boxes (E) indicate
those unique to RCMiruncatlaqCtRirregularis  are: 1514 255.0656m/z (DL-
liquiritigenin), 18.40 273.0756m/z (naringenin), 16.63 287.0910m/z
(sakuranetin), 22.44 287.0911m/z (sakuranetin), and 17.42 329.0660m/z (3,7-
dimethylquercetin).

In vitro and greenhouse experimental designs with legumes linked by a CMN
for mycelia-based migration assay of S. meliloti and B. diazoefficiens

The experimental design was adapted from (He et al., 2024), with modifications
to accommodate the two plant species and two bacterial strains.

In vitro experimental design

A quadri-compartmented Petri plate (Chapter 1, In vitro experimental design for
the analysis of S. meliloti migration along AM fungal hyphae and cytoplasmic
flow velocity within hyphae) featured two side root compartments (RCs) with 25
mL MSRminaN™"“N medium each, containing M. truncatula and G. max
associated with R. irregularis, and a central compartment (CC) with 25 mL
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MSR™"N medium (Figure 33A, B). The Petri plates were incubated as above for
13 weeks until a CMN was formed in the CC, confirmed by stereomicroscope
observation of hyphal bridges. Three hyphae per plate, visibly connecting the two
plants and growing on the CC surface, were inoculated with 1 pL. of a 1:1 mixture
of 8. meliloti and B. diazoefficiens (0.5 L each, 9 x 10° CFU-mL™").

Medicago truncatula

=
m2m1  e1c2 hyphae

4

-y AV
!
{

barr.ie[

)
S

¢

RC cC_ | RC

Mixture of Sinorhizobium meliloti
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) ' 4
Glycine max ; ”
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Figure 33. Mycelia-based migration assay of S. meliloti and B. diazoefficiens in
an in vitro quadri-compartmented Petri plate system. (A) Schematic
representation of the quadri-compartmented in vitro culture system. Yellow dots
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represent a mixture of S. meliloti and B. diazoefficiens. Green arrows indicate
migration towards M. truncatula; Red arrows indicate migration towards G. max.
RC: root compartment; CC: central compartment. Dashed circles indicate the
sampling points. Sampling points M1 and M2 are located 0.7 cm and 1.5 cm from
the inoculation site toward M. truncatula, respectively; G1 and G2 are located 0.7
cm and 1.5 cm toward G. max, respectively. (B) Photograph of the quadri-
compartmented Petri plate system. (C) Hyphae of R. irregularis crossing the
barrier from the RC to the CC. (D-F) Fluorescence micrographs of the inoculation
site: (D) S. meliloti, (E) B. diazoefficiens, and (F) merged image of both. (G-I)
Fluorescence micrographs of (G) S. meliloti and (H) B. diazoefficiens migrating
along AM fungal hyphae in the CC, and (I) merged image of both. (J, K) Colony-
forming units (CFU-mm™2) of S. meliloti and B. diazoefficiens at sampling points
M1, M2, G1, and G2 at (J) 24 hours and (K) 48 hours post-inoculation. Data are
presented as means = SD (n = 12 biological replicates). Asterisks indicate
significant differences (¥ 0.01 < P < 0.05; k% %k P < 0.0001) determined by
Student’s #-test for each sampling point. Numbers on the bar chart represent P
value from Student’s #-test comparing CFU of the same rhizobial species at
corresponding sampling points on opposite side of the inoculation site.

Bacterial migration was quantified at 24 and 48 hours post-inoculation by
sampling medium with a 2 mm diameter cork borer at 0.7 cm and 1.4 cm from
both sides of the inoculation site (Figure S19). The medium samples were
transferred to 1.5 mL sterile centrifuge tubes containing 0.2 mL of sterile PBS,
vortexed for 5 s at 1200 rpm using an MS1 shaker (IKA, Germany), and 20 puL of
the suspension was spread onto each selective agar plates using an L-Shape Cell
Spreader (VWR). The number of colony forming units (CFUs) of S. meliloti was
determined on YEB solid medium (15 gL' agar) supplemented with 5 pg-mL"!
tetracycline, while for B. diazoefficiens, it was determined on YEB solid medium
(15 g-L! agar) supplemented with 50 pg-mL! spectinomycin. The Petri plates
were incubated at 28°C for 48 hours, and CFUs were counted. Three biological
replicates were prepared for each sample.

Greenhouse experimental design

Setup: A three-compartment pot system (Figure 34A; Figure S20) was designed
with a central compartment (CC, 0.3 L) connected to two satellite compartments
(0.3 L each) via perforated PVC pipes (1.7 cm diameter x 10 cm length, 6 holes
of 6 mm diameter spaced 1 cm apart in the upper portion, Figure S5). The
substrate was a 2:1 (v/v) mixture of sand and vermiculite, autoclaved twice
(121°C, 30 min, 0.11 MPa) with a 24 hours interval. The pipes were covered with
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a mesh (5 um or 41 um aperture size) at both ends to control hyphal and root
passage: the 41 um mesh allowed only hyphae to proliferate in the pipe, whereas
the 5 pm mesh prevented both hyphae and root crossing between compartments.
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Figure 34. Greenhouse experimental system for studying rhizobial migration and
nodulation in G. max and M. truncatula linked by common mycorrhizal networks.
(A) Schematic representation of the greenhouse three-compartment pot system,
with numbers (1-6) on the pipes indicating different sampling holes. i: G. max and
M. truncatula in satellite compartments connected to the CC via pipes with 5 um
mesh (G.max#M.truncatula), ii: G. max and M. truncatula in satellite
compartments connected to the CC via pipes with 41 pm mesh
(G.max—M.truncatula); iii: M. truncatula in both satellite compartments and
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connected to the CC via pipes with 41 um mesh (M.truncatula<>M.truncatula);,
iv: G. max in both satellite compartments and connected to the CC via pipes with
41 pm mesh (G.max<>G.max). (B) Hyphal density in the pipes. Data are presented
as means + SD (n = 6 biological replicates). Different lowercase letters (a, b)
indicate significant differences between pipes (one-way ANOVA with Tukey’s
test, P <0.05). (C) Mycorrhizal colonization of P. lanceolata roots in the CC after
4 months of growth. Data are presented as means = SD (n = 6 biological replicates).
Different uppercase letters (A, B), lowercase letters (a, b), Greek letters (a, ), and
Roman numerals (I, II) indicate significant differences between treatments for
arbuscular colonization (AC), hyphal colonization (HC), vesicle colonization
(VC), and total colonization (TC), respectively (one-way ANOVA with Tukey’s
test, P < 0.05). (D-G) Colony-forming units (CFU-g! fresh substrate) of S.
meliloti and B. diazoefficiens at different sampling points (holes 1-6, with
increasing distance from the CC) in the pipes of (D) G.max#M.truncatula, (E)
G.max<M.truncatula, (F) M.truncatula<—M.truncatula, and (G) G.max<—G.max
treatments at 9 days post-inoculation (dpi). The inset in Figure 4D displays the
same data as the main panel D but uses an adjusted x-axis scale to better visualize
variations between sampling points for this treatment. Data are means + SD (n =
3 biological replicates, with 3 technical replicates per sample). An asterisk (%)
indicates P < 0.05 (Student’s #-test for each sampling hole). (H, I) Mature and
immature nodules extracted from roots of (H) G. max and (I) M. truncatula. (J,
K) Epifluorescence microscopy images of nodules in the roots of mycorrhizal
colonized (J) G. max and (K) M. truncatula.

Four treatments were established:

(1) G.max#£M.truncatula treatment: G. max and M. truncatula, both colonized by
R. irregularis (5 g inoculum per pot), were grown in the two satellite
compartments. Pipes to the CC were covered both side with 5 um mesh,
preventing CMN formation.

(2) G.max—M.truncatula treatment: G. max and M. truncatula, both colonized
by R. irregularis (5 g inoculum per pot), were grown in the satellite compartments.
Pipes to the CC were covered both side with 41 pm mesh, enabling a CMN to link
the two species in the CC.

(3) M.truncatula<—M.truncatula treatment: Two M. truncatula plants, both
colonized by R. irregularis (5 g inoculum per pot), were grown in the satellite
compartments. Pipes to the CC were covered both side with 41 pm mesh, enabling
a CMN to link the same species.

(4) G.max—~G.max treatment: Two G. max plants, both colonized by R.
irregularis (5 g inoculum per pot), were grown in the satellite compartments.
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Pipes to the CC were covered both side with 41 pm mesh, enabling a CMN to link
the same species.

CMN establishment: At the start of the experiment, concurrently with the
planting and AM fungi inoculation of M. truncatula and G. max in the satellite
compartments, P. lanceolata was initially grown in the CC of all pots for four
months in the greenhouse to establish the CMN. After this period, the successful
establishment of the CMN was confirmed by assessing AM fungal root
colonization in roots of P. lanceolata from the CC using standard staining (Walker,
2005) and microscopy (McGonigle et al., 1990) techniques, and by verifying the
presence and measuring the density of fungal hyphae within the connecting pipes
using established methods (Bethlenfalvay and Ames, 1987). Following this
confirmation, all P. lanceolata plants were removed from the CC, and the systems
were left undisturbed for an additional month to allow the CMN to stabilize before
initiating the experimental treatment phase.

Inoculation and sampling: Following the CMN stabilization period, the
experimental phase formally began by inoculating the CC with a 5 mL mixture
containing S. meliloti (2.5 mL, ODgoo = 1) and B. diazoefficiens (2.5 mL, ODgoo =
1), injected to the center of the substrate surface using a 5 mL NORM-JECT
silicone-free Luer Lock Syringe (Henke-Sass Wolf, Germany). To assess
rhizobial migration through the CMN, substrate samples were collected from the
pipes of three randomly selected systems per treatment at 1, 3, 5, 7, and, 9 days
post-inoculation (dpi). Sampling was performed using modified 1 mL pipette tips,
cut at 3 cm length from the extremity, inserted into the holes of the pipes; the
pipes were then inverted and gently tapped to transfer substrate into 1.5 mL
centrifuge tubes (Eppendorf, Germany). For bacterial quantification, samples
were mixed with 1 mL PBS, vortexed at 1000 rpm for 20 s, serially diluted 10-
fold in PBS, and 20 pL of appropriate dilutions were spread onto selective YEB
agar plates (15 g-L! agar). S. meliloti was selected using medium supplemented
with 5 pg'mL™! tetracycline, whereas B. diazoefficiens was selected with 50
pg-mL~! spectinomycin, following protocols outlined previously (He et al., 2024).
Three biological replicates were considered for each sample. Petri plates were
incubated at 28°C for 48 hours, and CFUs were counted using an Echo Revolve
RVL2-K microscope at 4x magnification, with results converted to CFUs per
gram of substrate.

Harvest and assessment: At 6 and 8 weeks post-inoculation (wpi), plants were
harvested from the satellite compartments of all treatments for various
assessments. AM fungal root colonization was evaluated on harvested roots (the
same as previously on P. lanceolata roots during CMN establishment) under an
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Olympus BH2-RFCA microscope (Japan) at 10x magnification, scoring 100
intersects per sample.

Soil hyphal density was quantified from fresh substrate samples collected from
the pipes. Five grams of fresh substrate was placed in a 50 mL centrifuge tube
with 10 mL of 0.1 mol-L~! PBS (pH 7.8). After gentle shaking, 8 mL of the sample
solution was transferred to a 10 mL centrifuge tube, followed by the addition of 2
mL of 2% ink (Parker Blue Ink, United States) in 1% HCI. The tube was mixed
gently, incubated at 70°C for 20 min, and cooled to room temperature. Then, 1
mL was extracted for microscopic examination (Olympus BH2-RFCA, 10x
magnification) to measure hyphal length, following a modified method outlined
previously (Bethlenfalvay and Ames, 1987). Three technical replicates per sample
and six biological replicates per treatment were used.

Nodule evaluation was also performed, as described above, on harvested roots
from satellite compartments.

Rhizobial quantification in the substrate adjacent to the root systems in the
satellite compartments was performed at harvest: 5 g substrate samples were
collected, and bacterial concentrations were determined using the same extraction,
selective plating (YEB with tetracycline for S. meliloti, YEB with spectinomycin
for B. diazoefficiens), incubation, and CFU counting procedures described for the
pipe sampling. Three technical replicates and six biological replicates were
considered for each sample.

Data analysis

Prior to statistical analysis, the homogeneity of variance and normality of
distribution were assessed using the Levene and Shapiro-Wilk tests, respectively.
To attain normality and homoscedasticity of data, all the variables were
transformed by taking the base 10 logarithm, except for the root colonization,
which were arcsin transformed. Analysis of variance (ANOVA) and student’s ¢-
tests were conducted in SAS (8.1) to evaluate the statistical significance of the
experimental data. Significance between treatments was determined at 0.05 using
the Tukey post-hoc test.

In silico binding studies were performed to evaluate the interaction between
selected flavonoids and NodD1 proteins. Eight flavonoids were considered
(Table S2), along with NodD1 from S. meliloti (UniProtKB-P03031) and B.
diazoefficiens (UniProtKB-Q45264). Protein sequences were obtained from the
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UniProt Knowledgebase (https://www.uniprot.org/help/uniprotkb). Three-

dimensional structures (PDB files) for the NodD1 proteins were predicted using
AlphaFold (https://alphafold.ebi.ac.uk). The 3D structures of the eight flavonoids
were retrieved from PubChem (https://pubchem.ncbi.nlm.nih.gov). The NodD1
protein structures and flavonoid ligands were prepared for docking using the
AutoDockTools (ADT) package within AutoDock 4.2 (Morris et al., 2009). This
preparation involved adding polar hydrogen atoms and computing Gasteiger

partial charges for both protein and ligand atoms, as well as defining rotatable
bonds for the ligands to allow flexibility during docking. Molecular docking was
conducted using Autodock Vina (v1.1.2) (Trott and Olson, 2010; Eberhardt et al.,
2021) to form complexes between the NodD1 proteins and flavonoids. The
binding affinities of the resulting flavonoid-NodD1 complexes were calculated by
Autodock Vina and reported in Kcal-mol™!. The docking poses were evaluated
based on these predicted affinities, with the most favorable interactions (lowest
binding energy) selected for further analysis.

All schematics and composite figures in this study were designed using Adobe
lustrator 2023. Some elements, such as plant models and root system models,
were sourced from BioRender. Quantitative results, presented as bar charts, were
generated using GraphPad Prism (version 10.1.0). The Venn diagram was created
using the Venn Diagram plugin in Origin 2022. Principal Component Analysis
(PCA) and heatmap visualizations were performed using the Chiplot online portal
(https://www.chiplot.online/). No images or figures were created by artificial
intelligence (Al) or Al-assisted tools.

Results

Root nodulation of M. truncatula and G. max by S. meliloti and B.
diazoefficiens

To evaluate the host specificity of rhizobial nodulation, a mono-compartmented
Petri plate system was established, with M. truncatula or G. max inoculated with
either S. meliloti or B. diazoefficiens, or PBS as a control (Figure 31A, B). After
6 weeks of growth, nodules were manually counted and categorized as mature or
immature based on their color and morphology.

In the M. truncatulaS™*""*" treatment, 155 + 8 nodules were counted, including 54
+ 6 mature nodules (35% + 0.04) and 101 = 11 immature nodules (65% = 0.04)
(Figure 31C, E, G). No nodules were detected in the M.truncatula®@odficiens or
M. truncatula®s treatments. For the G.max?@eoeliciens treatment, 13 + 3 nodules
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were formed, of which 9 + 3 were mature (70% + 0.10) and 4 + 1 were immature
(30% £ 0.10) (Figure 31D, F, G). No nodules were observed in the G.max5"e!i""
or G.max"BS treatments.

Host-specific flavonoid profiles in AM fungal ERM exudates

To investigate the chemical signals mediating host-specific rhizobial recruitment,
exudates from the ERM of R. irregularis connected to either M. truncatula or G.
max were analyzed using a bi-compartmented Petri plate system (Figure 32A, B).
ERM exudates were collected from the HCs of four treatments (Figure 32A):
RcGAmax /Hc+RAirregularis’ RcG.max /Hc—RAirregularis’ RcM.truncatula /Hc+R.[rregularix’ and
RCMtruncatula/gyC-Rirregularis ‘Netabolomic profiling of the four treatments revealed
distinct host-specific signatures.

Principal Component Analysis (PCA) showed clear separation of exudates
composition based on the plant to which the AM fungus was linked (Figure 32C).
PC1 (65.5% of variation) separated the RCE"/HCRirregularis treatment from the
RCMruncatula/yCRirregularis treatment, indicating distinct metabolomic profiles.
The treatments without ERM in the HC clustered together and could also be
separated from the two treatments with R. irregularis.

Of the 28,122 features identified (minimum intensity >1000 counts in at least one
sample group), the ANOVA (P < 0.01) revealed 11,749 significant features.
Among 1,457 features with MS/MS spectra, 56 were annotated as flavonoids
(Supplemental dataset 2). The Venn diagram (Figure 32D) highlighted host-
specific  flavonoid profiles: four flavonoids were exclusive to
RCGmax/HCHRirregularis jrilone (isoflavone), erylatissin A (isoflavone derivative),
daidzin (isoflavone glycoside), and 6°’-O-malonyldaidzin (isoflavone glycoside),
suggesting transport from G. max roots via AM fungal hyphae. Five features (four
kinds of flavonoids) were unique to RCM-muncatula/gC+R-irregularis, DI _liquiritigenin
(flavanone), naringenin (flavanone), sakuranetin (flavonoid derivative), and 3,7-
dimethylquercetin (flavonoid derivative). Additionally, 22 flavonoids were found
in both treatments with ERM in the HC, indicating common metabolites
transported by AM fungal hyphae. The heatmap confirmed distinct clustering of
these flavonoids, supporting host-specific chemical signals transported through
AM fungal hyphae (Figure 32E).

To assess the potential of these host-specific flavonoids to interact with rhizobial
NodD1 proteins, in silico molecular docking was performed (Figure 32F).
Flavonoids  detected  exclusively  in ~ RCO™@/HCRiregularis — gpd
RCM-truncatulajy C+R irregularis treatments were docked with the NodD1 proteins of B.
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diazoefficiens and S. meliloti, respectively. Daidzin exhibited the strongest
binding affinity to B. diazoefficiens NodD1 (—8.3 Kcal-mol ™), followed by 6”’-
O-malonyldaidzin (—8.1 Kcal-mol™"), irilone (—7.3 Kcal-mol™"), and erylatissin A
(—6.9 Kcal-mol™). DL-liquiritigenin showed the highest affinity to S. meliloti
NodD1 (=7.9 Kcal-mol "), followed by 3,7-dimethylquercetin (—7.6 Kcal-mol ™),
sakuranetin (7.5 Kcal-mol ™), and naringenin (—7.3 Kcal-mol ™).

CMN enabled rhizobia to migrate preferentially toward their specific hosts
in vitro

To investigate whether rhizobia exhibit host-specific preferred migration along
the CMN, an in vitro quadri-compartmented Petri plate system was used,
connecting M. truncatula and G. max through a CC containing a CMN of R.
irregularis (Figure 33A-C). Following co-inoculation of S. meliloti and B.
diazoefficiens onto AM fungal hyphae in the CC (Figure 33D-I), we encountered
technical limitations in fluorescence-based quantification due to the stronger
signal intensity of GFP-tagged S. meliloti (Figure 33D, G) compared to mCherry-
tagged B. diazoefficiens (Figure 33E, H), which resulted in complete spectral
overlap in the merged images (Figure 33F, I). To address this issue, we used
selective plating for quantitative comparison of rhizobial migration.

At 24 hours post-inoculation, CFU analysis revealed a significant predominance
of S. meliloti over B. diazoefficiens at the M1 sampling point, whereas no
significant differences were observed at other sampling points (Figure 33J). At
48 hours, both rhizobia species displayed distinct host-oriented migration patterns
via the CMN (Figure 33K). S. meliloti exhibited significantly higher CFUs than
B. diazoefficiens at both M1 and M2 sampling points. Conversely, B.
diazoefficiens preferentially migrated toward G. max, showing significantly
higher CFUs than S. meliloti at the G1 and G2 sampling points (Figure 33K). At
their respective sampling distances (0.7 cm for M1 and G1, 1.5 cm for M2 and
G2), S. meliloti and B. diazoefficiens demonstrated significantly higher CFU
counts than those migrating toward incompatible hosts (Figure 33K).

Greenhouse validation of CMN-mediated host-specific rhizobial recruitment

To validate the role of CMN in the migration and in increasing the concentrations
of host-specific rhizobia in the substrate close to the plant host roots, a three-
compartment greenhouse pot system was used (Figure 34A; Figure S20). This
setup linked legumes through pipes with either 41 pum or 5 um mesh barriers,
permitting or restricting fungal hyphal growth, respectively. Four treatments were
established: G.max#M.truncatula (Figure 34A-1), G.max—M.truncatula (Figure
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34A-ii), M.truncatula—M.truncatula (Figure 34A-iii), and G.max<—G.max
(Figure 34A-iv). Hyphal density, rhizobial migration, and nodulation patterns
were analyzed to examine CMN-mediated host specificity.

Fungal colonization and CMN formation

Fungal colonization was assessed by quantifying hyphal density in the pipes
(Figure 34B) and by evaluating the AM fungal root colonization of P. lanceolata
in the CC (Figure 34C). In the G.max#M.truncatula treatment, no hyphae in the
pipes and no root colonization of P. lanceolata were detected. By contrast, in the
other three treatments (G.max<—M.truncatula, M.truncatula<>M. truncatula, and
G.max—G.max), hyphae were observed in the pipes and root colonization
detected in P. lanceolata. Across these three treatments, no significant differences
were observed in hyphal density in the pipes (Figure 34B) or in any of the
measured parameters (i.e., AC, HC, VC, TC) of AM fungal root colonization of
P. lanceolata (Figure 34C).

Rhizobial migration along CMN

Rhizobial migration was quantified at six sampling points (i.e., holes 1-6) along
the pipes at 1, 3, 5, 7 (Figure 35), and 9 (Figure 34D-G) dpi. Independent of the
dpi, a significantly lower concentration of S. meliloti and B. diazoefficiens was
observed in the G.max#M.truncatula treatment at all sampling points, compared
to the other three treatments with AM fungal hyphae present in the pipes. In this
treatment, the concentration of rhizobia progressively decreased with distance
from the CC, and by day 9, rhizobia were almost undetectable at the sixth
sampling point. There were no significant differences between S. meliloti and B.
diazoefficiens at any sampling point in this treatment.

In the G.max—M.truncatula treatment, both S. meliloti and B. diazoefficiens
concentrations decreased with increasing distance from the CC at 1, 3, 5, 7, and 9
dpi. During the first 7 day, no significant differences were observed between the
concentrations of the two rhizobia at any sampling point. On day 9, at the fifth
and sixth sampling points the concentrations of S. meliloti were significantly
higher than B. diazoefficiens in the pipes connected to M. truncatula. Conversely,
the concentration of B. diazoefficiens was significantly higher than S. meliloti at
the sixth sampling point in the pipes connected to G. max.

In the M.truncatula<>M.truncatula treatment, at 1 and 3 dpi, B. diazoefficiens and
S. meliloti concentrations decreased with distance from the CC. During these early
time points, no significant differences were found between the two rhizobia at any
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sampling point. Starting at 5 dpi, S. meliloti concentrations became significantly
higher than B. diazoefficiens at one side of the sixth sampling point. At 7 dpi, this
trend extended to both sides of the sixth sampling point and persisted through 9
dpi, where S. meliloti concentrations were significantly higher than B.
diazoefficiens at the fifth and sixth sampling points. In addition, a similar trend
was observed at the fourth sampling point in one of the pipes at 9 dpi.
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Figure 35. Colony-forming units (CFU g ! fresh substrate) of S. meliloti and B.
diazoefficiens at different sampling points (holes 1-6, with increasing distance
from the CC) in the pipes of G.max#M.truncatula, G.max<>M.truncatula,
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M. truncatula<—M.truncatula, and G.max<—G.max treatments at 1, 3, 5, and, 7
days post-inoculation (dpi). Data are means + SD (n = 3 biological replicates, with
3 technical replicates per sample). An asterisk (%) indicates P < 0.05 (Student’s
t-test for each sampling hole). Where insets are shown for the
G.max#M.truncatula treatment (top-right corner of relevant panels), they display
the same data as the main panel but with an adjusted x-axis scale to better visualize
variations between sampling points for that specific condition.

In the G.max<>G.max treatment, B. diazoefficiens and S. meliloti concentrations
decreased with distance from the CC at 1 and 3 dpi. During these early time points,
no significant differences were observed between the two rhizobia at any
sampling point. At 5 and 7 dpi, B. diazoefficiens concentrations became
significantly higher than S. meliloti at one side of the fifth sampling point and both
sides of the sixth sampling point. At 9 dpi, this difference extended to both sides
of the sixth sampling point, where B. diazoefficiens concentrations were
significantly higher than S. meliloti at the fourth, fifth, and sixth sampling points.
In addition, at 9 dpi, S. meliloti concentrations exhibited a pronounced decline
with distance, particularly at the sixth sampling point, whereas B. diazoefficiens
showed no such trend.

Rhizobial establishment in the substrate close to the roots

Rhizobial concentrations in the substrate close to the roots were measured 6
(Figure 36A) and 8 (Figure 37A) wpi. At 8 wpi, we found that in the
G.max#M.truncatula treatment, rhizobial concentrations in the substrate close to
the roots of both M. truncatula (222 + 120 CFU-g"! for S. meliloti and 244 + 124
CFU-g! for B. diazoefficiens) and G. max (233 = 150 CFU-g! for S. meliloti and
200 + 132 CFU-g! for B. diazoefficiens) were extremely low. In the
G.max<>M.truncatula treatment, S. meliloti concentration (2.1 + 0.3 x 103
CFU-g") was significantly higher than B. diazoefficiens (0.24 £ 0.03 x 103
CFU-g™") in the rhizosphere of M. truncatula. Conversely, in the rhizosphere of
G. max, B. diazoefficiens concentration (1.6 £ 0.2 x 105 CFU-g!) was
significantly higher than S. meliloti (0.22 + 0.04 x 10° CFU-g!). In the
M. truncatula<M.truncatula treatment, both M. truncatula substrate close to the
roots were dominated by S. meliloti (2.5+0.2 x 10° CFU-g ") and 2.4 £0.2 x 10°
CFU-g™), respectively), with significantly higher concentrations than B.
diazoefficiens (0.22 + 0.03 x 10° CFU-g! and 0.22 + 0.04 x 10° CFU-g!,
respectively). Similarly, in the G.max<«<>G.max treatment, both G. max substrate
close to the root were dominated by B. diazoefficiens (1.6 + 0.2 x 10° CFU-g"!
and 1.5 + 0.2 x 105 CFU-g!, respectively), with significantly higher
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concentrations than S. meliloti (0.16 £+ 0.02 x 10° CFU-g! and 0.15 + 0.02 x 10°
CFU-g!, respectively). These statistically significant patterns were consistently
observed at 6 wpi across all treatments (Figure 36A).

A @ s. meliloti B B Immature
G#M 6 max WB. diazoefficiens M. truncatula G#M G max O Mature M. truncatul
GoM}e max GoM G.m
M M. truncatuia MoM M-t
G.m
G Glo max GoG
4x105 2x105 0 2x10% 4x105 40 20 0 20 40
CFU of rhizobia in soil (CFUs-g™" of fresh soil) Nodules per pot

Figure 36. Rhizobial concentrations and nodulation in satellite compartments at
6 weeks post-inoculation (wpi) in greenhouse experiment. (A) Colony-forming
units (CFU-g ! fresh substrate) of S. meliloti and B. diazoefficiens in the satellite
compartments in the four treatments at 6 wpi with rhizobia in the CC. Data are
means + SD (n = 6 biological replicates, with 3 technical replicates per sample).
An asterisk (%) indicates significant difference (P < 0.05, Student’s #-test) within
each satellite compartment. (B) Numbers of immature and mature nodules on
roots of G. max and M. truncatula in the satellite compartments of the four
treatments at 6 wpi with rhizobia in the CC. Data are means + SD (n = 6 biological
replicates, with 3 technical replicates per sample). White asterisks (%) on the bars
for immature nodules (dark gray) and mature nodules (light gray) indicate
significant differences between the two satellite compartments within each
treatment (P < 0.05, Student’s t-test). Black asterisks (%) adjacent to the bars
denote significant differences in total nodule numbers between the two satellite
compartments for each treatment (P < 0.05, Student’s #-test). G#M
(G.max#M.truncatula): G. max and M. truncatula in satellite compartments
connected to the CC via pipes with 5 pm mesh; GoM (G.max<>M.truncatula):
G. max and M. truncatula in satellite compartments connected to the CC via pipes
with 41 pum mesh; MoM (M.truncatula—M.truncatula): Both satellite
compartments with M. truncatula and connected to the CC via pipes with 41 pm
mesh; GG (G.max—G.max): Both satellite compartments with G. max and
connected to the CC via pipes with 41 pm mesh.
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Figure 37. Rhizobial concentrations and nodulation in satellite compartments at
8 weeks post-inoculation (wpi) in greenhouse experiment. (A) Colony-forming
units (CFU-g™! fresh substrate) of S. meliloti and B. diazoefficiens in the satellite
compartments in the four treatments at 8 weeks post-inoculation with rhizobia in
the CC. Data are means + SD (n = 6 biological replicates, with 3 technical
replicates per sample). An asterisk (%) indicates significant difference (P < 0.05,
Student’s #-test) within each satellite compartment. (B) Numbers of immature and
mature nodules on roots of G. max and M. truncatula in the satellite compartments
of the four treatments at 8 wpi with rhizobia in the CC. Data are means + SD (n =
6 biological replicates, with 3 technical replicates per sample). White asterisks (%)
on the bars for immature nodules (dark gray) and mature nodules (light gray)
indicate significant differences between the two satellite compartments within
each treatment (P < 0.05, Student’s #-test). Black asterisks (%) adjacent to the bars
denote significant differences in total nodule numbers between the two satellite
compartments for each treatment (P < 0.05, Student’s r-test). G#M
(G.max#£M.truncatula): G. max and M. truncatula in satellite compartments
connected to the CC via pipes with 5 um mesh; G—>M (G.max<>M.truncatula):
G. max and M. truncatula in satellite compartments connected to the CC via pipes
with 41 um mesh; MoM (M.truncatula—~M.truncatula): Both satellite
compartments with M. truncatula and connected to the CC via pipes with 41 pm
mesh; GG (G.max—G.max): Both satellite compartments with G. max and
connected to the CC via pipes with 41 um mesh.

Host-specific nodulation

Nodulation was analyzed 6 (Figure 36B) and 8 (Figure 34H-K; Figure 37B) wpi.
At 8 wpi, no nodules were observed on G. max or M. truncatula roots in the
G.max#M.truncatula treatment. In the G.max—M.truncatula treatment, 15 + 4
nodules (10 £+ 3 mature and 5 + 3 immature) were formed on the roots of G. max
and 71 = 10 (29 £ 5 mature and 42 + 9 immature) on the roots of M. truncatula.
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In the G.max<>G.max treatment, both plants formed 18 (+ 3 and + 4, respectively)
nodules each, with one plant producing 12 + 3 mature and 6 + 1 immature nodules,
and the other producing 13 + 2 mature and 5 + 3 immature nodules. In the
M. truncatula— M. truncatula treatment, the two M. truncatula plants formed 82 +
17 and 79 £ 10 nodules, respectively. The nodules included 34 + 9 and 34 + §
mature nodules, and 48 + 12 and 45 + 9 immature nodules. Similar trends were
observed at 6 wpi, with comparable patterns in nodule formation and distribution
across all treatments, and these differences were statistically significant (Figure
36B).

Discussion

This study examined the central role of the CMN of the AM fungus R. irregularis
in mediating the migration of S. meliloti and B. diazoefficiens, and subsequent
nodulation in their respective legume hosts, M. truncatula and G. max. By
combining in vitro and greenhouse experiments with metabolomic analyses, we
have revealed the dual function of this CMN: it acts both as a fungal highway
facilitating the dispersal of rhizobia and as a carrier of chemical signals (i.e.,
flavonoids) guiding the migration of rhizobia towards their specific host. This
selective tropism transforms the CMN into a sophisticated “navigation system”,
which orient the rhizobia through the complex soil matrix with great precision.

In our study, the high specificity of thizobia-legume interaction was confirmed by
the exclusive nodulation of S. meliloti with the roots of M. truncatula and of B.
diazoefficiens with the roots of G. max. This host-specific nodulation reflects the
tightly regulated relationships between rhizobia and their legume partners, where
recognition signals are fine-tuned to ensure compatibility (Oldroyd, 2013;
Ferguson et al., 2019). Such specificity is likely mediated by the exchange of
signal molecules, including flavonoids from the plant to the rhizobia and Nod
factors from the rhizobia to the plant, a process well-documented as critical to
initiate symbiosis (Masson-Boivin and Sachs, 2018). Our results further indicated
that this specific recognition mechanism may also be mediated by the hyphae of
AM fungi. These belowground conduits transport and release compounds, such
as flavonoids, specific to the legume to which they are linked, acting as
chemoattractants for rhizobia towards their compatible host.

The notably high number of nodules observed in our in vitro experiments,
particularly in the M.truncatulaS"*"" treatment, compared to the G.max5"e/ !
treatment, merits further explanation (Figure 31C-G). Several factors likely

contribute to this elevated nodulation. Firstly, the in vitro Petri dish environment,
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using MSR™"”N medium with reduced N, imposes minimal physical constraints
on root growth, promoting extended and branched root systems (Gage, 2004). In
our experiments, M. truncatula developed notably long, fibrous, and highly
branched roots, likely increasing the surface area and number of rhizobial
infection sites compared to G. max, which exhibited thicker, less branched roots
in vitro. Secondly, the nitrogen-limited medium and controlled conditions (e.g.,
stable pH, high humidity) create an optimal environment for nodulation,
enhancing rhizobial colonization and infection thread formation compared to soil-
based systems, where environmental variability can suppress nodule development
(Oldroyd and Downie, 2008). The direct application of rhizobial suspensions onto
roots ensures high rhizobial density and uniform contact, further increasing
infection efficiency. Thirdly, the high compatibility between S. meliloti and M.
truncatula drives efficient nod factor signaling, leading to rapid and extensive
nodule initiation, as evidenced by the high proportion of immature nodules (Jones
et al., 2007). In contrast, the lower nodule count in G. max may result from slower
nodulation kinetics of B. diazoefficiens or the formation of determinate nodules,
which are typically fewer but mature faster, as observed in our results.
Additionally, the sterile in vitro environment eliminates competing soil
microorganisms, allowing unimpeded rhizobial colonization and potentially
inflating nodule numbers compared to natural conditions. The six-week
experimental duration may also contribute, as M. truncatula’s indeterminate
nodules continue to form due to persistent meristematic activity, unlike the
synchronized formation of determinate nodules in G. max (Saeki, 2011). These
factors collectively suggest that the in vitro setup, combined with host-specific
rhizobial interactions and root architecture, promotes exceptionally high
nodulation, particularly in the M. truncatulaS"*"" treatment.

Central to our study was the demonstration that the CMN formed between two
different legume species by R. irregularis served as a physical conduit, or “fungal
highway”, for the migration of rhizobia towards their specific host. This concept
of “fungal highway”, as presented in previous studies (Kohlmeier et al., 2005;
Simon et al., 2015), indicates that hyphal surfaces, coated with water films, create
microenvironments favorable to bacterial motility, particularly in soils where
diffusion alone can limit microbial propagation. Using an in vitro compartmented
system, we observed that S. meliloti and B. diazoefficiens migrated along the AM
fungal hyphae with a higher presence towards M. truncatula for the first and
towards G. max for the second. Interpreting the CFU data from our in vitro system
(Figure 33) requires consideration of whether differences arise from differential
migration or potential differential growth at the sampling sites. Although some
localized bacterial growth within the central compartment medium over 24-48
hours cannot be entirely discounted, several factors suggest that active, host-
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preference-driven migration along AM fungal hyphae is the predominant
mechanism. These include the nutrient-limited nature of the hyphal support
medium, the clear host-specific directional accumulation of rhizobia, and the
visual evidence of bacterial association with fungal hyphae. Thus, we interpret the
observed CFU differences as primarily indicative of differential bacterial
migration efficiency and/or preference. This specific migration suggests that the
CMN not only provides a facilitated pathway for rhizobial dispersal to new niches
but also helps the bacteria to move preferentially towards their compatible hosts,
at a reduced energetic cost. This fungal path was suggested by recent studies of
improved migration efficiency due to facilitated flow velocity and chemical
guidance along fungal hyphae, further contextualized within the framework of
optimized symbiotic interactions and resource allocation (de Novais et al., 2020;
D. Wang et al., 2022; Anckaert et al., 2024; He et al., 2024). The greenhouse
experiment using a compartmented pot system further corroborated this
mechanism under more natural conditions (Figure 34). In the treatment with
CMN connecting the two legumes species, rhizobial concentrations decreased
progressively with distance from the inoculation point towards the compatible
host, indicating a hyphal-mediated transport. In contrast, in the treatment without
CMN connecting plants, only a very limited migration was observed, underlining
the key role of CMNs in bridging spatial gaps between rhizobia and their hosts.
The analysis of CFU of both rhizobia revealed dynamic patterns: in the treatment
linking the two different legumes by the CMN, we observed no significant
differences in the CFUs of S. meliloti and B. diazoefficiens during the first 7 dpi
at any sampling point in the pipes (Figure 35). This suggests that, initially, the
migration of both rhizobia along the hyphae may be non-directional, with no clear
preference for either host. Conversely 9 dpi, a significant difference was observed
(Figure 34E). Close to M. truncatula, the concentration S. meliloti was
significantly higher than that of B. diazoefficiens, whereas the reverse was
observed near G. max. This difference indicates that migration becomes
increasingly oriented as rhizobia approach their specific hosts, likely due to the
increasing concentration of specific flavonoids.

In addition to physical transport, our study revealed an important role for the
hyphae of CMN in transporting and releasing signal molecules from the host to
which they are connected, thereby orienting the migration of rhizobia towards
their specific hosts. The metabolomic profiling of ERM exudates (in particular
the flavonoids) collected in the hyphal compartment of the bi-compartmented in
vitro culture system differed between plants to which the hyphae are connected
(Figure 32A, B). The perception of these flavonoids by rhizobia is mediated by
NodD proteins, transcriptional regulators of the LysR family that undergo a
conformational change upon binding specific flavonoids, enabling them to
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activate nod genes by binding to conserved DNA sequences known as nod boxes
(Peck et al., 2006; Hawkins and Oresnik, 2022). This specificity, driven by unique
flavonoid cocktails from each legume and varying NodD isoforms in rhizobia, is
a key determinant of symbiotic host range (Liu and Murray, 2016).

For the exudates of ERM connected to G. max, isoflavones including daidzin, 6°’-
O-malonyldaidzin, irilone and erylatissin A were detected (Figure 32F), with
binding affinities to B. diazoefficiens NodD1 of —8.3 Kcal-mol !, —8.1 Kcal-mol !,
—7.3 Kcal-mol ' and —6.9 Kcal-mol " respectively. Daidzin, a glycosylated form
of daidzein, stands out as a powerful inducer of nod genes, as previously indicated
(Bag et al., 2022; Hawkins and Oresnik, 2022). Its high affinity for NodD1
underlines its central role in the initiation of symbiosis by triggering
transcriptional activation of nodulation genes. Similarly, 6’’-O-malonyldaidzin
not only contributes to nod gene induction but also appears to modulate the
secretion of other isoflavones (Loh and Stacey, 2003), suggesting a regulatory
function that fine-tunes the symbiotic dialogue between G. max and B.
diazoefficiens. Irilone, although more commonly associated with red clover (Lee
et al., 2018), shows moderate NodD1 affinity in our study, suggesting a possible
secondary role in soybean, perhaps as a chemoattractant attracting B.
diazoefficiens to the host or as a modulator of wider microbial interactions in the
rhizosphere. Erylatissin A, had the lowest affinity among the four compounds
above. This compound lacks extensive studies in soybean symbiosis. Its presence
in ERM exudates suggests that it might contribute to a broader chemical signature,
potentially enhancing B. diazoefficiens recognition or subtly influencing
rhizosphere ecology.

For the exudates of ERM connected to M. truncatula, the most abundant
compounds were flavanones like DL-liquiritigenin and naringenin, and alongside
flavonoid derivatives like sakuranetin and 3,7-dimethylquercetin, with binding
affinities to S. meliloti NodD1 of —7.9 Kcal'mol™!, —7.3 Kcal'mol!, —7.5
Kcal'mol™! and —7.6 Kcal-mol™!, respectively (Figure 32F). DL-liquiritigenin
appears to be a key player, not only because of its high NodD1 binding affinity,
but also because of its demonstrated ability to rescue nodulation in flavonoid-
deficient M. truncatula mutants (Wasson et al., 2006).This ability indicates that it
can either induce nodulation genes or act synergistically with other signals to
establish symbiosis. Naringenin, a precursor in flavonoid biosynthesis, can
stimulate the binding of S. meliloti NodD1 to nod gene promoters, although it
does not induce gene expression (Compton et al., 2020). It has also been shown
to act as a competitive inhibitor of known nod gene inducers like Iuteolin (Peck
et al., 2006), which suggests a regulatory role in fine-tuning S. meliloti responses.
Sakuranetin, although less studied in this specific symbiosis, is known as a
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phytoalexin in other plant species (Jiang et al., 2024). It could integrate symbiotic
signaling with defense responses, with AM fungal hyphae potentially transporting
it to amplify M. truncatula’s chemical signature and aid S. meliloti in
distinguishing its host from competitors (B. diazoefficiens in this study) or
pathogens (Hasegawa et al., 2014). Similarly, for 3,7-dimethylquercetin, there is
a lack of studies on this compound, but its methylated structure, a modification
highlighted in M. truncatula flavonoids (Jasinski et al., 2009), could reinforce
host specificity, possibly by stabilizing NodD1 interactions or modulating
rhizosphere microbial interactions. These compounds were absent from the
exudates of the hyphal-free controls, highlighting the active participation of AM
fungi in the transport and release of signals.

While our study primarily focused on the role of flavonoids in mediating the
specificity of rhizobia-legume interactions via the CMN, our metabolomic
analysis also revealed a diverse array of non-flavonoid compounds in the ERM
exudates from the G. max and M. truncatula (Table S5). For the exudates of ERM
connected to G. max, 30 unique compounds across 15 chemical categories,
dominated by terpenoids (11 compounds, primarily triterpene saponins and
terpene glycosides) and glycosides (2 compounds, including hydroxycinnamic
acid glycosides and cyanogenic glycosides), alongside amino acid derivatives
(e.g., glutamic acid derivatives), aromatic compounds (e.g., anthraquinones,
coumestans) , carboxylic acids, phenols, nucleosides, ketones, and heterocyclic
compounds were identified. This high chemical diversity and compound
abundance suggest a complex secondary metabolism in G. max, likely tailored to
intricate plant-microbe interactions. In contrast, the exudates of ERM connected
to M. truncatula contained only 6 unique compounds across 6 categories,
including terpenoids (1 triterpene saponin), glycosides (1 steroidal glycoside),
aromatic compounds (e.g., 1-benzopyrans), saccharides (oligosaccharides), and
steroids, with no dominant category and simpler chemical profiles, possibly
reflecting specific metabolic pathways in M. truncatula. Both treatments shared
terpenoids (triterpene saponins) and glycosides, indicating partial overlap in
secondary metabolic pathways, likely driven by common plant-AM fungal
symbiotic responses. However, the exudates of ERM connected to G. max
exhibited far greater chemical diversity and quantity compared to the exudates of
ERM connected to M. truncatula, with unique compounds like anthraquinones,
phenols, and nucleosides, whereas the exudates of ERM connected to M.
truncatula contained exclusive saccharides, coumarins, and steroids, suggesting
more specialized metabolic outputs in M. truncatula. These non-flavonoid
compounds likely play complementary roles in the symbiotic process. Terpenoids,
such as triterpene saponins abundant in the exudates of ERM connected to G. max,
are known for their antimicrobial properties and may shape the rhizosphere
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microbiome by selectively inhibiting non-compatible microorganisms, thereby
facilitating colonization by compatible symbionts like B. diazoefficiens (Badri and
Vivanco, 2009; Dunn, 2015). Similarly, glycosides, including cyanogenic
glycosides in the exudates of ERM connected to G. max and steroidal glycosides
in the exudates of ERM connected to M. truncatula, may contribute to plant
defense mechanisms, indirectly supporting symbiosis by reducing pathogen
pressure (Gleadow and Woodrow, 2002; Zaynab et al., 2021). Amino acid
derivatives, such as glutamic acid derivatives and N-acyl-alpha amino acids in the
exudates of ERM connected to G. max, may support metabolic exchanges critical
for nitrogen fixation, as rhizobial amino acid metabolism is closely linked to plant
metabolism and essential for effective symbiosis (Dunn, 2015). The production
and release of these compounds are likely influenced by AM fungal symbiosis, as
AM fungi can reprogram plant secondary metabolism, enhancing the biosynthesis
of such metabolites (Zhao et al., 2022). By transporting and releasing these non-
flavonoid compounds, the CMN facilitates a more complex chemical dialogue
than previously appreciated, potentially enhancing the precision of rhizobial
navigation and symbiotic efficiency (Gorzelak et al., 2015). Future studies,
combining in vitro assays and targeted metabolomics, are needed to elucidate the
specific functions of these compounds and their interactions with rhizobia in the
context of legume-AMF-rhizobia tripartite symbiosis (Badri & Vivanco, 2009;
Dunn, 2015).

Regarding the molecular docking results presented in Figure 32F, we observed
an intriguing phenomenon, while we anticipated B. diazoefficiens NodD1 would
primarily recognize and bind to G. max-specific flavonoids, and S. meliloti
NodD1 to M. truncatula-specific flavonoids, the docking results generally
indicated that S. meliloti NodD1 exhibited lower binding energies (i.e., higher
binding stability) with all tested flavonoids compared to B. diazoefficiens NodD1.
For instance, the binding energies of S. meliloti NodD1 with irilone, erylatissin A,
daidzin, and 6°’-O-malonyldaidzin were all lower than those of B. diazoefficiens
NodD1, which somewhat deviates from our expectation that B. diazoefficiens
would demonstrate more stable binding to G. max-specific flavonoids. This
discrepancy may reflect the inherent limitations of molecular docking simulations,
which are often conducted under simplified models and may not fully capture the
complex in vivo biological environment, including the presence of other
molecules, ionic strength, and the dynamic conformational changes that NodD
proteins may undergo upon flavonoid binding. Crucially, the biological
“specificity” of NodD proteins is not solely determined by their binding affinity
to flavonoids, but also by their ability to effectively induce the correct
conformational changes that lead to the activation of nod gene expression. For
example, as discussed, naringenin can stimulate S. meliloti NodD1 binding to nod
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gene promoters without inducing gene expression, illustrating that binding
stability does not always equate to biological activation effectiveness. Therefore,
even if S. meliloti NodD1 shows energetically more stable binding to certain
flavonoids, this does not necessarily mean these interactions are biologically
productive in vivo. Conversely, the binding of B. diazoefficiens NodD1 to G. max-
specific flavonoids (such as daidzin), while perhaps not showing the lowest
binding energies compared to S. meliloti NodD1 in some instances, may be more
efficient at triggering the activation of its nodulation pathway. Simultaneously,
rhizobia in the CMN encounter a mixture of flavonoids and a concentration
gradient. The localized high concentration of host-specific flavonoids near their
compatible host is likely the driving force behind selective chemotaxis and
eventual nodulation, overriding any differences in molecular-level binding
energies. The observed host-specific rhizobial accumulation and nodulation
patterns in our in vivo experiments strongly support a host-specific recognition
mechanism driven by biological activation and concentration gradients.

By transporting and releasing these host-specific signals along a probable root-to-
hyphal tip concentration gradient, AM fungi play a crucial role in guiding the
rhizobia towards their appropriate host. We hypothesize that in the central region
of the CMN (i.e., at equal distance of the two legumes), the signals released by
the hyphae linking M. truncatula and G. max could not be differentiated, resulting
in the absence of a clear gradient towards either host (Parniske, 2008; Smith,
2010). In this central zone, rhizobia can move randomly in both directions, with
no clear preference for one host or the other. As they migrated closer to one
legume or another, they probably perceived greater gradients of host-specific
flavonoids, triggering chemotaxis towards their compatible host. This hypothesis
is supported by previous studies (Besserer et al., 2006; Zhang et al., 2020), who
demonstrated that bacteria can detect and respond to chemical gradients over time,
resulting in chemotaxis towards specific attractants. This phenomenon can be
amplified by the coenocytic nature of AM fungal hyphae facilitating signal
diffusion across the inoculation point, with flavonoids from one plant potentially
present on the opposite side, complicating initial directional cues until a
significant dominant gradient emerges near the host (Schmieder et al., 2019; Han
etal., 2023).

The ability of CMNs to transport and release specific signals from the plant to
whom they are connected resembles a sophisticated “navigation system” within
the soil, transmitting host-specific cues that serve as “signposts”. These cues guide
S. meliloti and B. diazoefficiens through the complex “labyrinth” of the soil matrix,
directing them precisely to their respective host plants, M. truncatula and G. max.
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This resulted in a relatively higher concentration of S. meliloti close to M.
truncatula roots versus B. diazoefficiens close to G. max

The high specificity of flavonoid release suggests a co-evolutionary adaptation
between AM fungi, legumes, and rhizobia. By transporting and releasing exudates
to recruit compatible rhizobia, AM fungi optimize symbiotic outcomes, aligning
with a resource exchange framework where they act as intermediaries maximizing
nitrogen fixation and nutrient uptake (Duan et al., 2025). This role parallels their
transport of phosphate-solubilizing bacteria to nutrient-rich patches, highlighting
their mediation in plant-microbe interactions (Jiang et al., 2021).

Conclusion

Legume-rhizobia symbiosis typically relies on short-distance root signals, with
long-distance dispersal attributed to external vectors. Our in vitro and greenhouse
experiments show that R. irregularis hyphae, via CMN, fill this gap, directing S.
meliloti and B. diazoefficiens to M. truncatula and G. max, respectively. These
networks integrate physical transport with host-specific flavonoid signals, acting
as a sophisticated navigation system that ensures precise rhizobial delivery and
selective nodulation. Beyond nutrient exchange, CMN spatially organize rhizobia,
enhancing symbiotic efficiency and demonstrating an ecological role for AM
fungi as regulators of rhizobia distribution in soil. Given their omnipresence in
soils, this mechanism improves rhizobial access to compatible hosts, supporting
the co-application of AM fungi and rhizobia for sustainable nitrogen fixation.
Future studies under fields across diverse legume systems are essential to translate
these observations into agricultural practice. This research repositions AM fungi
as key mediators of belowground microbial interactions, paving the way for eco-
friendly farming strategies (Figure 38).
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Concentration gradient of signal from root
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Figure 38. Schematic representation of how the common mycorrhizal network
(CMN) of R irregularis guides the selective recruitment of rhizobia to their
compatible legume hosts. The CMN connecting soybean (Glycine max, left) and
barrel medic (Medicago truncatula, right) serves as both a fungal highway and a
chemical signaling conduit. Host-specific flavonoids — depicted in pink for
soybean (including daidzin, 6°’-O-malonyldaidzin, irilone, and erylatissin A) and
cyan for barrel medic (including DL-liquiritigenin, naringenin, sakuranetin, and
3,7-dimethylquercetin) —produced by the roots of legumes are transported and
released by the fungal hyphae. These flavonoids establish signal gradients that act
as molecular navigation cues for rhizobia. The magnified inset (A) reveals the
detailed mechanism of rhizobial migration, showing how B. diazoefficiens (red)
and S. meliloti (green) move along hyphal surfaces in response to these flavonoid
signals, which are transported within the hyphal cytoplasm and/or through the
external water film. This chemical signaling drives the preferential movement of
rhizobia toward their compatible hosts: B. diazoefficiens navigates toward
soybean while S. meliloti is guided to barrel medic, with sharpening gradients of
host-specific flavonoids refining their navigation precision as they approach their
targets, enhancing nodulation efficiency and nitrogen fixation potential. This
sophisticated biological navigation system illustrates how the CMN spatially
organizes rhizobial communities in soil, creating heterogeneous microbial
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distributions that optimize symbiotic partnerships and potentially reshape the
broader soil microbiome. The precision of this recruitment mechanism reflects the
co-evolutionary adaptations among legumes, rhizobia, and arbuscular
mycorrhizal fungi, providing an ecological advantage in nutrient acquisition and
highlighting the remarkable complexity of belowground plant-microbe
interactions that support sustainable nitrogen cycling in terrestrial ecosystems.
Note: The proportions of elements in this schematic, including hyphae, roots, and
rhizobia, are exaggerated for illustrative purposes and do not reflect their actual
scale.
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Legumes are essential components of agricultural ecosystems, not least because
of their ability to form symbiotic relationships with nitrogen (N»)-fixing bacteria,
known collectively as rhizobia (Saeki, 2011; Parniske, 2018; Poole, 2024),
thereby reducing crop dependence on N fertilizers. This symbiosis, resulting in
the formation of root nodules, allows legumes to thrive in nitrogen-limited
environments and contributes significantly to nitrogen (N) accumulation in
agricultural soils, with an estimate of 70 million tons of N, fixed annually
(Brockwell et al., 1995; Pawlowski and Demchenko, 2012; Palmero et al., 2022).
However, the efficiency of this symbiosis is highly dependent on the successful
encounter and interaction between rhizobia and the roots of compatible legume
hosts (Ferguson et al., 2019). While the short-distance recruitment of rhizobia via
root exudates, particularly flavonoids, is relatively well-understood (Peters et al.,
1986; Bais et al., 2006), the mechanisms governing long-distance dispersal and
host-specific recruitment, particularly given the often-limited mobility of rhizobia
and the presence of air-filled gaps in soil aggregates making migration difficult
(Horiuchi et al., 2005; Vicario et al., 2015), remain less clear.

Arbuscular mycorrhizal (AM) fungi, which are ubiquitous soil microorganisms
form symbiotic associations with the roots of about 72% of terrestrial plants,
including legumes (Smith and Read, 2008; Brundrett and Tedersoo, 2018;
Vigneron et al., 2018). They are known to play an important role in the acquisition
of nutrients by plant, in particular phosphorus and nitrogen (Wahbi et al., 2016;
Wang et al., 2016a; Zhang et al., 2018a). Their extraradical mycelium (ERM)
extends far beyond the rhizosphere, creating an extensive network of hyphae
exploring a larger volume of soil than roots alone (Awaydul et al., 2019), with
densities reaching 82 to 111 m-cm™ in prairie and 52 to 81 m-cm™ in ungrazed
pasture (Miller et al., 1995). This network has been shown to facilitate the
transport of nutrients (Jiang et al., 2017; Wipf et al., 2019; Yan et al., 2022;
Magkourilou et al., 2024) and even signaling molecules between plants (Song et
al., 2010; Babikova et al., 2013; Wu et al., 2017). Recent studies have also
demonstrate the role of AM fungi in influencing the composition and activity of
microbial communities in the hyphosphere, the zone of soil immediately
surrounding the hyphae (Toljander et al., 2007; Zhang et al., 2018a), and even
facilitating bacterial movement to nutrient patches inaccessible to roots (Jiang et
al., 2021).

In this thesis, we investigated the role of AM fungi, in particular the model strain
Rhizophagus irregularis MUCL 41833, in mediating the long-distance migration
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of rhizobia and their subsequent specific recruitment by legume roots, thereby
influencing the efficiency and specificity of the legume-rhizobia symbiosis. We
used a combination of in vitro and greenhouse experiments, coupled with
molecular and metabolomic analyses, to elucidate the mechanisms underlying this
tripartite interaction, building upon the foundational hypothesis that legumes
recruit rhizobia via the ERM of AM fungi, similar to how mycelial networks of
other fungi have been shown to aid rhizobial migration (Zhang et al., 2020). This
work has revealed a completely new indirect pathway, whereby AM fungi play a
key role both as physical conduits for rhizobia migration and as transporters and
delivery pipes for signals (e.g., flavonoids) originating from the legume and acting
as chemoattractants, significantly increasing rhizobia recruitment beyond the
limits of the rhizosphere.

In the first chapter, we investigated how the ERM of R. irregularis served as a
pathway for Sinorhizobium meliloti to travel long distances to Medicago
truncatula roots, through the perception of a gradient of plant-derived flavonoids,
increasing nodulation. In the second chapter, we studied the specificity of this
recruitment in mixed legume systems, demonstrating how a common mycorrhizal
network (CMN) directed S. meliloti and Bradyrhizobium diazoefficiens towards
their respective hosts, M. truncatula and Glycine max, respectively, following the
perception of specific chemoattractant chemical signals.

Below, we discuss the most critical results of the doctoral research, around four
major integrated thematic.

Physical connectivity: fungal hyphae as dispersal highways

A fundamental challenge in establishing effective legume-rhizobia symbioses is
to overcome the spatial limitations imposed by the heterogeneous distribution of
rhizobia in the soil and their inherent limited mobility (Horiuchi et al., 2005;
Vicario et al., 2015). While root exudates can attract rhizobia over short distances
(millimeters), this mechanism is ineffective for recruitment from more distant
locations (Zhang et al., 2020). Our research, directly addressed this challenge by
demonstrating that the ERM of AM fungi provides a physical network, a “fungal
highway”, which considerably improves rhizobial dispersal.

The in vitro experiments using S. meliloti and those using both S. meliloti and B.
diazoefficiens with their respective legume hosts (M. truncatula and G. max),
consistently showed that rhizobia could migrate along the hyphae of R. irregularis
connected to the plants. This migration was not a simple non-directional diffusion.
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Time-lapse imaging revealed that S. meliloti was traveling at a speed up to 10.78
pum-s~! along hyphae compared to 6.01 um-s™ without hyphae, suggesting that
the hyphal surface is a suitable conduit facilitating bacterial motility. The
observed migration was significantly faster and more directional than in absence
of hyphae, a pattern consistently observed in both single- and mixed-legume
systems. These findings suggest that hyphae serve as preferential pathways for
rhizobia migration, probably due to a combination of factors: (i) a continuous
water film along the hyphal surface, (ii) a reduced tortuosity relative to the soil
matrix, and (iii) the potential supply of nutrients (i.e., carbon sources) and
chemoattractant signals by the fungus connected to the appropriate host plant
(Kohlmeier et al., 2005; Vieira et al., 2025).

The greenhouse experiments provided compelling evidence for the ecological
relevance of this hyphal transport. The quadri-compartmented pot system
demonstrated that S. meliloti could migrate approximately 15 cm along the hyphae
to form nodules on the root of M. truncatula. A similar three-compartmented
system with two legume species connected by a CMN, revealed that both S.
meliloti and B. diazoefficiens could migrate along the hyphae, albeit with a
discernible preference for their respective hosts. This was for instance
materialized by the significantly higher density of S. meliloti (i.e., 5.7 x 10°
CFU-g ") near M. truncatula compared to B. diazoefficiens (2.9 x 103 CFU-g")
for which M. truncatula is not the host, highlighting the preferred migration. The
lack of substantial nodulation in control treatments (without CMN connecting
plants) underlined the crucial role of the fungal network in facilitating long-
distance rhizobial dispersion.

Taken together, our findings provide convincing evidence that the ERM of AM
fungi acts as a dispersal highway for rhizobia, expanding the zone of rhizobial
recruitment far beyond the immediate rhizosphere. This physical connectivity
between soil and plant is a prerequisite for the establishment of the symbiosis,
under conditions where rhizobia have to overcome spatial barriers (e.g. air gaps),
reaching their legume hosts from distances that would otherwise be
insurmountable. This “fungal highway” not only bridges gaps in the soil matrix
but also represent a novel mechanism that complements traditional vectors like
water flow (Vicario et al., 2015; Vieira et al., 2025). This builds upon the concept
of “fungal highways” for other soil bacteria (Kohlmeier et al., 2005; Banitz et al.,
2013; Christensen and Reck-Peterson, 2022) and establishes it firmly within the
context of the legume-rhizobia symbiosis.

131



GENERAL DISCUSSION

Chemical guidance: host-specific signaling via flavonoid gradients

While the physical connection of ERM to the legume species facilitates rhizobial
dispersal, it does not alone explain the remarkable specificity observed in legume-
rhizobia symbioses. Legumes and rhizobia engage in a highly specific molecular
dialogue, with flavonoids released by the plant acting as key signals (Peters et al.,
1986; Oldroyd, 2013). Our results revealed that AM fungi play a crucial role in
the transport and release of these host-specific signals, guiding rhizobia to their
appropriate hosts.

This clear host-specificity preference was demonstrated in the in vitro experiment
with M. truncatula and G. max connected by a CMN, favoring the migration of S.
meliloti towards M. truncatula and B. diazoefficiens towards G. max. This result
combined with the findings of the directed migration of S. meliloti towards M.
truncatula rather than to Solanum tuberosum demonstrate that the CMN transport
and release specific chemical signals from the plant to whom they are connected.
This selective tropism transforms the CMN into a sophisticated “navigation
system”, directing rhizobia through the complex soil matrix with high precision.

The metabolomic analyses were key to understand this phenomenon. Interestingly,
the metabolomic analyses of hyphal exudates revealed distinct flavonoid profiles
in our different experiments, with no overlap between the flavonoids identified.
In the first experiment comparing M. fruncatula and non-legume plants, we
identified eight unique flavonoids including sagittain B and luteolin derivatives,
while in the second experiment comparing M. truncatula and G. max, we detected
different compounds such as DL-liquiritigenin and daidzin. This complete
difference in flavonoid profiles warrants explanation.

The fundamental difference lies in the experimental designs and their
corresponding research questions. When examining M. truncatula in contrast to
non-leguminous plants, we were essentially comparing plants with and without
nodulation capacity. In this context, the identified flavonoids (sagittain B,
isosakuranetin-hexosyl-deoxyhexose,  luteolin-acetylhexuronide, taxifolin-
deoxyhexosyl-oxanepentol, haploside C, sudachiin A, and tetrahydroxy-
tetramethoxyflavone-hexoside) likely represent “general nodulation signals” that
primarily function to induce nod gene expression in rhizobia. These compounds
exhibited particularly strong binding affinities with S. meliloti NodD1 (ranging
from —7.7 to —9.4 Kcal-mol™), suggesting their primary role in activating the
nodulation pathway. For instance, sagittain B demonstrated exceptional binding
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affinities (—9.46 Kcal'mol™' with NodD1 and —9.39 Kcal'mol~! with NodD2),
indicating its potency as a nodulation trigger.

Conversely, when comparing two leguminous plants (M. truncatula and G. max),
we focused on identifying signals responsible for host-specific rhizobial
recruitment. The flavonoids detected in this context (DL-liquiritigenin, naringenin,
sakuranetin, and 3,7-dimethylquercetin from M. truncatula-connected hyphae;
daidzin, 6°’-O-malonyldaidzin, irilone, and erylatissin A from G. max-connected
hyphae) displayed more moderate binding affinities to their respective rhizobial
NodD proteins (-7.3 to —7.9 Kcal-mol™! for M. truncatula flavonoids to S. meliloti
NodDI1; —6.9 to —8.3 Kcal'mol™! for G. max flavonoids to B. diazoefficiens
NodD1). These lower affinities, compared to the “general nodulation signals”,
suggest that these compounds might serve more as “host identity recognition
signals” guiding specific rhizobia to their compatible hosts, rather than as primary
nodulation inducers. Although both experiments utilized M. truncatula connected
to R. irregularis, the lack of overlap does not indicate entirely dissimilar raw
exudate profiles. In untargeted metabolomics, significant metabolites are
identified relative to the comparison group. Thus, the legume versus non-legume
setup highlighted “general nodulation signals”, while the legume vs. legume setup
emphasized host-specific signals.

The statistical methodology further amplified this distinction. In the legume
versus non-legume experiment, we employed a threshold of P < 0.05 to identify
significantly different metabolites, a relatively permissive criterion that captured
flavonoids with moderate differences in abundance, i.e. those “general signals”
distinguishing legumes from non-legumes. In contrast, the legume versus legume
comparison used a stricter P<0.01 threshold, retaining only the most significantly
divergent compounds and likely excluding many “general nodulation signals”
common to both species. For example, compounds like luteolin-acetylhexuronide
may be produced by both M. truncatula and G. max at relatively similar levels
(Peters et al., 1986; Zhang and Smith, 1996; Pan and Smith, 2000; Adiji et al.,
2021), yielding P-values above 0.01 and thus being filtered out. The nature of
ANOVA testing reinforced this pattern by highlighting substantial differences in
flavonoid production between different plant types (legume vs. non-legume),
while in comparisons to closely related legume species, only the most divergent
compounds stood out against a backdrop of baseline similarity. This explains why
the “general nodulation signals” from the first experiment did not appear as
significantly different in the second. They may be present in both legumes’
exudates but lack sufficient divergence to meet the stricter threshold.
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From a biological perspective, this pattern aligns with plant signaling in symbiotic
relationships. Legumes produce a baseline set of flavonoids that generally
promote nodulation (those identified in our first experiment) and species-specific
signals that guide their preferred rhizobial partners (those identified in our second
experiment). When establishing symbiosis, legumes likely first release “host-
specific recruitment signals” to attract compatible rhizobia to the root vicinity;
once the rhizobia arrive, the “general nodulation signals” (present at higher
concentrations near the root) trigger nod gene expression to initiate nodule
formation. In our experimental design, each setup was optimized to detect one
signal type, resulting in non-overlapping flavonoid sets. This dual mechanism
reflects a sophisticated strategy: specific recruitment followed by robust
nodulation induction, with the AM fungal network facilitating both processes.
This indicates that the AM fungus plays a crucial role in the transport and release
of plant-derived signals. The fungal hyphae act as pipelines, transporting and
releasing flavonoids produced by the plant. Although it remains unknown if this
transport is passive or active.

The quantity of flavonoids released by the hyphae is probably greater close to the
root, creating a gradient along the hyphae from root to tip. This gradient guides
the rhizobia towards the compatible host plant. Thus, the plant, by sending
specific signals via the AM fungus, directs the recruitment of its preferred
rhizobial partner, which is similar to the “cry for help” strategy in which plants
attacked by pathogens or herbivores modify their root exudation chemistry to
attract beneficial microorganisms and assemble protective rhizobia (Rolfe et al.,
2019; Liu et al., 2024). The greenhouse experiments showed a progressive
decrease in rhizobial concentration with distance from the inoculation point
towards the compatible host, further supporting the existence of this gradient.
However, this pattern may also be influenced by the gradient of carbon sources
and other nutrients for the bacteria along the hyphae, as these compounds likely
follow similar concentration patterns decreasing with distance from the root. The
results showing high binding affinities between the identified flavonoids and
NodD proteins of S. meliloti, provide a mechanistic basis for this chemoattraction
(Machado et al., 1998; Peck et al., 2006; Barnett and Long, 2015), though multiple
factors may contribute to the overall rhizobial migration pattern observed.

This chemical guidance mechanism, combined with the physical connectivity,
ensures that the symbiosis is both efficient and specific. The AM fungus facilitates
the delivery of plant-derived signals by transporting host-specific flavonoids
along its hyphae, thereby guiding rhizobia with remarkable precision via the
established chemical gradient. Additionally, the release of carbon compounds by
the hyphae, potentially in higher concentrations closer to the roots, may also
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contribute to rhizobial guidance or support. This dual role, functioning as both a
physical conduit and mediator of chemical cues, represents a remarkable progress
in our understanding of the tripartite symbiosis, highlighting AM fungi as
essential mediators in the interaction between plant and rhizobia.

Ecological and evolutionary implications

The results of this thesis improve our understanding of belowground ecological
interactions and the evolution of plant-microbe symbioses. The “fungal highway”
and “chemical signaling” mechanisms, which work in concert, probably give
legumes a competitive advantage, particularly in N-limited soils, by improving
the efficiency and specificity of N, fixation.

From an ecological perspective, the extension of the rhizobial recruitment zone
facilitated by the AM fungal network gives legumes access to a wider pool of
potential symbionts (Sprent, 2009). This is particularly important in soils where
rhizobial populations are unevenly distributed. Host specificity, maintained
through plant-derived signals transported via the AM fungal hyphae, may help
sustain the diversity of legumes and rhizobial populations by ensuring that
legumes primarily interact with their most compatible partners, enhancing overall
N fixation efficiency. For instance, the dominance of S. meliloti (66% at the
closest sampling point near M. truncatula) over B. diazoefficiens in our study
illustrates how the AM fungal network, by acting as a conduit for plant-specific
signals, influences the spatial distribution of rhizobia, optimizing symbiotic
outcomes.

From an evolutionary perspective, the fairly high specificity of flavonoids
transported and released via the fungal hyphae, depending on which plant the AM
fungus is linked, observed in our study, strongly suggests a co-evolutionary
relationship between AM fungi, legumes, and rhizobia. Selective pressures have
likely favored AM fungi that can effectively serve as extensions of the root system,
passively conveying plant signals to attract beneficial rhizobial partners. This
represents a form of reciprocal cooperation, where each partner in the tripartite
symbiosis benefits: the AM fungus receives C from the plant. Part of this C is
released at the hyphae surface to feed microbes, among which rhizobia. At the
same time specific signals are also released by hyphae coming from the plant,
attracting specific rhizobia to migrate towards their specific host plant. They form
nodules, representing a secured habitat where C and N are exchanged. This
increase N accumulation in plants result in higher biomass production, deriving
thereby more C to the AM fungus. Thus, by transporting these signals, the AM
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fungus enhances the fitness of both the plant and the rhizobia, acting as a critical
facilitator in this interaction, similar to its role in delivering phosphate-
solubilizing bacteria (Jiang et al., 2021).

Agricultural applications and limitations

Our results reveal a specific mechanism where AM fungal networks facilitate
long-distance rhizobial recruitment. This could have major implications in
agriculture. On one side, by increasing the volume of soil from which compatible
rhizobia are accessible, by analogy with the two phosphorus uptake pathways
(direct root uptake and mycorrhizal uptake pathway) (Smith et al., 2011), AM
fungi could increase the likelihood and importance of nodulation, particularly
when rhizobia are scarce. This opens the door to legumes being less dependent on
synthetic N fertilizers, the environmental and economic costs of which are
considerable. On the other side, we do not have evidence that in situations where
both roots and AM fungi are exposed to rhizobia (in our study the roots where
physically separated for the rhizobia and only the hyphae were in contact with the
bacteria), the number of nodules is increased. In addition, plants regulate nodule
numbers through mechanisms like autoregulation of nodulation (AON) due to the
C cost of the symbiosis (Li et al., 2022). In plants heavily colonized by rhizobia,
the role of AM fungi in continuing rhizobia recruitment may diminish, as
signaling to attract additional rhizobia may decrease once a sufficient density of
nodules has been reached. Further research in more realistic soil conditions is
thereby essential to validate this hypothesis and to assess the exact agricultural
potential of AM fungal-mediated rhizobial recruitment.

Our findings support the potential application of AM fungal inoculants in legume
cropping systems to enhance nodulation and N, fixation, particularly in
agricultural systems that minimize the use of chemical fertilizers inputs. For
instance, in organic or regenerative agriculture systems where chemical fertilizers
are reduced or not used, the natural recruitment of beneficial rhizobia can become
critical for maintaining legume yield. In these specific conditions, applying AM
fungal strains that facilitate the transport of host-specific flavonoids may be a
judicious strategy. For example, exploiting R. irregularis strains that facilitate the
transport of flavonoids such as DL-liquiritigenin or daidzin could attract specific
rhizobia, increasing nodulation and N fixation efficiency in M. truncatula or G.
max, respectively. This approach offers a sustainable alternative to chemical
inputs, supports robust microbial symbioses, and contributes to improved soil
structure and nutrient cycling, enhancing soil health and crop productivity.
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Another potential application is the adoption of agricultural practices that promote
the establishment and maintenance of AM fungal networks. Minimum tillage,
cover cropping, and crop rotations that include AM fungal host plants can all
contribute to increase the AM fungal root colonization and network formation
(Rosner et al., 2018; Hontoria et al., 2019). These practices can potentially
improve legume-rhizobia interactions by providing a more extensive “fungal
highway” for rhizobial dispersal, as demonstrated in our thesis.

However, there are also limitations to consider. Disrupting the AM fungal
networks, by tillage or by practices affecting the AM fungal viability (e.g., the use
of fungicides or herbicides), might affect this indirect pathway, particularly in
soils reliant on AM fungi for rhizobial recruitment. Moreover, the effectiveness
of AM fungal inoculants can vary depending on soil type, environmental
conditions, and the presence of indigenous AM fungal populations (Bakhshandeh
etal.,2017; Hydbom et al., 2017; Cloutier et al., 2020). Boosting local AM fungal
populations through agricultural practices that are not detrimental to AM fungi
(e.g., minimum tillage or cover cropping), can reduce the need for introducing
exogenous AM fungal strains, thus reducing competition with local populations.
The findings of our study, while demonstrating host specificity, also highlight the
complexity of these interactions in mixed-legume systems.

Further research is needed to optimize the use of AM fungi in agricultural systems.
This includes identifying the most effective AM fungal strains for different
legume species and soil types, developing effective inoculation methods, possibly
by co-formulation of AM fungi and rhizobia, and understanding the long-term
effects of AM fungal manipulation on soil health and ecosystem functioning.
Field trials under a variety of conditions are essential to validate the findings of
controlled experiments and to assess the practical benefits of AM fungal-mediated
rhizobial recruitment in real agricultural settings.
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CONCLUSIONS AND PERSPECTIVES

The main objective of this Ph.D. thesis was to investigate the role of arbuscular
mycorrhizal (AM) fungi in mediating the long-distance migration of rhizobia and
subsequent host-specific recruitment by legume roots. This involved exploring
both the physical and chemical mechanisms by which AM fungi influence the
legume-rhizobia symbiosis, addressing gaps in our understanding of how these
interactions occur beyond the immediate rhizosphere.

The thesis was structured to address four key objectives:

1. Investigate if and how AM fungal hyphae facilitate the long-distance migration
of rhizobia and promote nodulation in legumes.

2. Determine whether rhizobia recruitment by AM fungi is host-specific, favoring
leguminous over non-leguminous plants.

3. Explore the selective tropism of different rhizobia species within a common
mycorrhizal network (CMN) toward their respective legume hosts.

4. Identify and characterize the biochemical signals, in particular flavonoids, that
mediate rhizobia recruitment and host-specificity in the tripartite interaction
between a legume, an AM fungus and a rhizobium.

These objectives were addressed through a combination of in vitro and
greenhouse experiments, coupled with metabolomic and molecular analyses. In
chapter I, we focused on the interaction between the extraradical hyphae of
Rhizophagus irregularis and Sinorhizobium meliloti, demonstrating the role of
AM fungi as “fungal highway” for rhizobium migration and in the transport and
release of flavonoids directing the rhizobium towards its host. In chapter II, we
extended the study by exploring host-specific rhizobia recruitment via the CMN
of R. irregularis, using Medicago truncatula and Glycine max as model legumes
and S. meliloti and Bradyrhizobium diazoefficiens as model rhizobia.

Therefore, four specific research questions were addressed and answers
summarized below:

1. Do AM fungal ERM facilitate the long-distance migration of rhizobia and

enhance nodulation in legumes and what are the potential mechanism
involved?
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Yes, the AM fungal ERM facilitate the long-distance migration of rhizobia and
enhance nodulation in legumes by acting as a physical conduit for rhizobial
migration and as a transporter and delivery system for plant-derived flavonoids,
which serve as chemoattractants to guide rhizobia towards legume roots. This was
evidenced by a number of observations:

e The in vitro experiments conducted in chapter I demonstrated that S. meliloti
can migrate along the ERM of R. irregularis towards M. truncatula roots.
This migration was significantly faster and more directed than movement in
the agar medium alone.

e The greenhouse experiments in chapter I, using a quadri-compartment pot
culture system, confirmed that S. meliloti can migrate approximately 15 cm
along the ERM connecting M. truncatula to a non-legume (i.e., Solanum
tuberosum), leading to nodulation of M. fruncatula roots. No nodulation was
observed without the ERM connection.

e The metabolomic analyses of hyphal exudates in chapter I allowed to
identify eight unique flavonoids, including luteolin derivatives, known to
stimulate rhizobial growth and nod gene expression.

e  The in silico molecular docking conducted in chapter I showed high binding
affinities between the identified flavonoids and NodD proteins of S. meliloti,
reinforcing their role in activating symbiosis-related gene expression.

Perspectives:
From these results a number of perspectives can be addressed:

e Investigate the mechanisms involved in flavonoid transport and release:
The central question arising from this thesis is how AM fungi transport and
release plant-derived flavonoids to guide rhizobia. Is this a passive process
driven by simple diffusion, or an active process involving specific fungal
mechanisms (e.g., vesicle trafficking) ? To resolve this question, advanced
imaging techniques (e.g., confocal microscopy with fluorescently labeled
flavonoids) for vesicle movement, combined with transcriptomic analyses
(to identify potential vesicle-related transporter proteins) can be used. The
roles of membrane transporters at the peri-arbuscular membrane (PAM) or
vesicle-mediated pathways can also be approached using gene knockouts
strategies. Finally, investigate the concentration gradients of signals along
the hyphae using micro-sampling or confocal microscopy to map their
distribution can also be considered.

e Explore the role of other hyphal exudates: Although the untargeted
metabolomics approach specifically analyzed flavonoids, it also generated a
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broader set of detectable metabolites. Future studies could leverage this full
set of secondary metabolites to identify other potential signaling molecules,
beyond flavonoids, that might contribute to rhizobial migration and
nodulation. This could involve re-analyzing the existing data or conducting
new untargeted metabolomics studies with a wider analytical lens.

e Examine the dynamics of rhizobial movement on the hyphae: Time-lapse
microscopy with higher resolution could provide more detailed insights into
the mechanisms of rhizobial movement along the hyphae (e.g., active vs.
passive transport, role of hyphal surface properties, potential involvement of
bacterial motility structures, release of a gradient of carbon sources),
complementing the chemical findings with physical interaction data.

e  Test the “fungal highway” hypothesis with different AM fungal and
rhizobial species: Expanding the research to include other AM fungal and
rhizobial species would help generalizing this phenomenon and identify
potential species-specific interactions. This could involve using different
Rhizophagus species or even AM fungi from other genera with other life
history strategies.

e Investigate the concentration gradients of signals along the hyphae:
Understanding how the concentration of plant-derived signals, such as
flavonoids, varies along the hyphae could elucidate how these gradients
guide rhizobia towards the roots. Techniques like micro-sampling or
confocal microscopy could map these gradients. Specifically, confocal
microscopy can utilize the natural fluorescence of certain flavonoids or
targeted fluorescent probes to image their distribution along the hyphae with
high precision. The optical sectioning capability of confocal microscopy
ensures that the fluorescence signal is specifically from the hyphal plane,
allowing for accurate mapping of concentration gradients, enhancing our
understanding of the chemical guidance mechanism.

2. Does rhizobial recruitment mediated by AM fungal networks exhibit host
preference, favoring legumes over non-leguminous plants?

Yes, rhizobial recruitment mediated by AM fungal networks exhibits host
preference for legumes by directing rhizobial migration towards legume roots
over non-legumes roots through the transport of host-specific signals along the
hyphae. This was evidenced by the following observation:

) The in vitro and greenhouse experiments conducted in chapter I,

demonstrated that S. meliloti migrated preferentially along the ERM of R.
irregularis towards the legume M. truncatula compared to the non-legumes
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S. tuberosum and P. lanceolata. This suggests a degree of selectivity in the
interaction, favoring the legume host over the non-legume.

Perspectives:
From this result a number of perspectives can be addressed:

e Investigate the mechanisms underlying the preferential migration
towards legumes: While our study confirmed flavonoids as key signaling
molecules facilitating rhizobial recruitment, the mechanisms by which AM
fungi mediate this legume-specific process remain unclear. Future research
can focus on comparative transcriptomic analyses of rhizobia exposed to
exudates from hyphae connected to legumes versus non-legumes, to
determine whether genes related to motility, chemotaxis, or symbiosis are
differentially expressed, thus elucidating the molecular basis of preferential
migration. In addition, mapping the distribution of flavonoids when a single
legume species is colonized by different AM fungal species could reveal
whether the transport and release of these signals are AM fungus-specific,
enhancing our understanding of the tripartite interaction.

e Test a wider range of legume and non-legume species: Expanding the
study to include a more diverse set of plant species would help to confirm
the generality of the legume preference and identify potential exceptions.

3. Do CMNs connecting different legume species mediate selective
recruitment of host-specific rhizobia?

Yes, the CMN connecting different legume species mediate the selective
recruitment of rhizobia by transporting and releasing plant-derived, host-specific
flavonoids that act as chemoattractants, guiding S. meliloti towards M. truncatula
and B. diazoefficiens towards G. max. This was evidenced by a number of
observations:

e  The in vitro experiments conducted in chapter II, using a CMN connecting
M. truncatula to G. max, showed that S. meliloti preferentially migrated
towards M. truncatula, while B. diazoefficiens preferentially migrated
towards G. max.

e The Greenhouse experiments conducted in chapter II, using a three-
compartmented pot system, corroborated these findings, showing hyphal-
mediated and host-directed transport of rhizobia towards their appropriate
host, even in a more complex soil-like environment.
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Perspectives:
From these results a number of perspectives can be addressed:

e  Explore the role of signaling molecules other than flavonoids: While
flavonoids are key, other plant-derived signals (e.g., strigolactones, other
secondary metabolites) might also contribute to host specificity. Broader
metabolomic analyses of hyphal exudates in mixed-legume systems, using
both targeted and untargeted approaches, could help identifying additional
or even novel signaling molecules.

e  Test the host-specificity hypothesis with a wider range of legume and
rhizobial species: Expanding the research to include more diverse legume-
rhizobia combinations would help determine the generality of the host-
specific recruitment mechanism and identify potential co-evolutionary
patterns or exceptions.

4. What are the biochemical signals that mediate rhizobial recruitment and
host specificity in legume-AM fungi-rhizobia interactions?

Flavonoids are key biochemical signals, with their composition being host-
specific. This was evidenced by a number of observations:

e  Metabolomic analyses in chapter I identified eight unique flavonoids in the
hyphosphere of R. irregularis connected to M. truncatula, including luteolin
derivatives known to induce nodulation genes in S. meliloti.

e  Metabolomic analyses in chapter II revealed that R. irregularis released
distinct flavonoids depending on the connected legume: flavanones (DL-
liquiritigenin and naringenin), and flavonoid derivatives (sakuranetin and
3,7-dimethylquercetin) when connected to M. truncatula, and isoflavones
(daidzin, 6°’-O-malonyldaidzin, irilone, and erylatissin A) when connected
to G. max. These compounds are known chemoattractants for the rhizobial
species studied.

e The absence of these specific flavonoids in the controls without hyphae
connected to the plant in both chapters emphasize the role of AM fungal
hyphae in transporting and releasing plant-derived, host-specific signals.

Perspectives:

From these results the following perspective can be addressed:
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e Develop bioassays to test the activity of individual flavonoids and
flavonoid mixtures: To complement our understanding of AMF-mediated
flavonoid transport and release, we could develop bioassays that test how
flavonoids delivered by R. irregularis hyphae influence rhizobial behavior.
These assays could expose S. meliloti and B. diazoefficiens to hyphal
exudates containing flavonoids (e.g., luteolin derivatives from M.
truncatula-connected hyphae, genistein from G. max-connected hyphae), as
identified in our studies, and measure chemotactic responses and nod gene
expression levels and their binding affinities to NodD proteins.

Other perspectives on the results of the PhD thesis

Beyond the perspectives related to each research question above, several other
perspectives could be addressed:

e  Energetic costs and benefits of the tripartite legume-AM fungi-rhizobia
symbiosis: Transporting and releasing flavonoids, maintaining hyphal
networks, and supporting rhizobial populations require metabolic resources
from the legume, AM fungi, and rhizobia. Future studies could investigate
the energetic costs and benefits of these interactions across the entire
tripartite system by quantifying the metabolic resources, particularly carbon,
allocated from the legume to R. irregularis and rhizobia (S. meliloti or B.
diazoefficiens) and assessing the resulting benefits in terms of enhanced
nodulation and N> fixation. This could involve using isotopic labeling (e.g.,
13C) to track the flow of plant-derived carbon not only to the fungus for
hyphal growth and flavonoids transport but also to the rhizobia, which utilize
carbon to fuel N fixation, subsequently increasing plant N content and
carbon production that may indirectly support AM fungal growth.
Complementary measurements could include plant growth parameters (e.g.,
biomass, N content), fungal performance indicators (e.g., hyphal density,
spore production), and rhizobial metrics (e.g., nodule number, nitrogenase
activity) under varying environmental conditions, such as N availability or
water stress. While similar carbon allocation studies exist for plant-fungal
interactions, extending this approach to the tripartite level, considering the
dynamic interplay where rhizobia enhance N, fixation and AM fungi
facilitate rhizobial recruitment, opens new research perspectives.

e Interactions within complex soil microbiomes: While our thesis elucidated
AMF-mediated recruitment of rhizobia, future research should investigate
the robustness and specificity of this flavonoid-based mechanism within
complex soil microbiomes, reflecting realistic field conditions where
numerous microorganisms co-exist and interact. Does the targeted
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recruitment of rhizobia observed in our simplified system also persist under
more complex microbiomes ? Furthermore, extending beyond symbiotic
rhizobia, research could explore whether AM fungi also recruit other bacteria
involved in N fixation, particularly free-living nitrogen-fixing bacteria such
as Azospirillum spp., potentially using transported other signaling molecules
delivered via the hyphal network. This was shown for phosphate solubilizing
bacteria (i.e., Rahnella aquatilis (Zhang et al., 2018a)) opening the door to
free-living N-fixation bacteria. Addressing these questions, using
experiments with defined microbial consortia or analyzing natural soil
ecosystems via metagenomics, metatranscriptomics, and targeted functional
assays, is crucial for understanding the full ecological role of AM fungi in
structuring beneficial plant-microbe interactions in the soil.

e  Agricultural applications: Beyond individual strains, exploring consortia
of compatible AM fungi and rhizobia offer promising avenues for improving
crop yield. These consortia, consisting of mixed microbial communities that
naturally coexist and interact, could leverage synergistic effects to boost
symbiotic efficiency, potentially increasing nitrogen fixation and crop yields
more effectively than single-strain applications. For instance, AM fungi can
enhance rhizobial colonization and survival, while rhizobia contribute fixed
nitrogen that indirectly supports fungal growth.

In addition, developing effective inoculation methods is critical. Seed
coatings or soil amendments incorporating these microbial consortia could
be designed to ensure robust delivery and establishment of both AM fungi
and rhizobia in the field. Additionally, understanding the long-term impacts
of introducing such consortia on soil health and ecosystem functioning
remains vital for sustainable management of agricultural systems. This
includes assessing changes in soil microbial diversity, nutrient cycling, and
ecosystem resilience over time. Field trials across different cropping systems
like monocultures versus intercropping, soil types including sandy versus
clay-rich, and climates ranging from temperate to tropical, are necessary to
validate findings from controlled experiments and evaluate the practical
benefits of AM fungal-mediated rhizobial recruitment. Such trials will
provide evidence to refine application strategies, ensuring that these
microbial partnerships can reliably improve legume performance and reduce
reliance on synthetic fertilizers in real-world agricultural settings.

e Signal Specificity and CMN Dynamics: A critical question is how
signal specificity is maintained within the CMN, particularly when multiple
legume species are connected. Does the AM fungus actively regulate signal
transport (e.g., through selective transport mechanisms), or is it primarily
driven by concentration gradients? To address this question, we propose
integrating advanced imaging with mathematical modeling. Imaging
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techniques, such as confocal microscopy with fluorescently labeled
flavonoids (e.g., fluorescein-tagged luteolin), can track signal movement in
real-time. Mathematical modeling can then simulate transport dynamics to
distinguish mechanisms:

a) A diffusion model (based on Fick’s laws) could simulate passive
spread, predicting gradual dispersion from source plants.

b) An active transport model (using Michaelis-Menten kinetics)
could test selective uptake and targeted delivery by fungal
transporters.

¢) A network model could represent the CMN as a graph, exploring
how hyphal connections maintain specificity across species and
predict behavior in complex networks.

By calibrating these models with imaging data and comparative predictions
(e.g., uniform gradients vs. localized hotspots), we can infer the dominant
mechanism, guiding further experimental design and future studies of CMN
dynamics.

e The “cry for help” mechanism: Building on the concept that plants
under stress release signals to attract beneficial microorganisms, future
studies could investigate how nitrogen deficiency influences the production
and transport of flavonoids through the AM fungal network to recruit
rhizobia, similar to a “cry for help” strategy enhancing symbiosis under
nutrient limitation.

In conclusion, this Ph.D. thesis has demonstrated that AM fungi play a crucial,
multifaceted role in facilitating the legume-rhizobia symbiosis. By acting as both
physical conduits for rhizobial migration (the “fungal highway”) and as mediators
transporting plant-derived chemical signals, guiding host-specific recruitment,
AM fungi significantly enhance the efficiency and specificity of this vital
ecological interaction. These findings open up new avenues for research in
belowground ecology, evolutionary biology, and sustainable agriculture, with the
potential to improve legume productivity in specific contexts, such as nitrogen-
poor soils with scarce rhizobial populations, contributing to the reduced reliance
of legume crops on synthetic nitrogen fertilizers.
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ANNEXES

Annex I

Figure S1. Picture of the mono-compartment autotrophic in vitro culture system
with Medicago truncatula.

+AtB=b

Figure S2. Picture of the bi-compartment autotrophic in vitro culture system with
M. truncatula.

147



ANNEXES — ANNEX I

Figure S3. Picture of the quadri-compartmented autotrophic in vitro culture
system.

2000 pm

Figure S4. The movement track for S. meliloti on the surface of ERM in the
hyphal compartment (HC) with M. truncatula in the root compartment (RC) of

bi-compartmental Petri plates after 12 hours.
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Top view Side view

6 mm diameter hole
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Front view 3D model
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Figure S5. Schematic diagrams of the pipe from different perspectives.
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. RCM truncatula /H C+R. irregularis . RCs. tuberosum /HC*R' irregularis
. RCM truncatula/HC—R. irregularis . RCS tuberosum/HC—R. irregularis

Figure S6. Layout of 96-wells plate culture of S. meliloti. Blue wells: 200 pL of
fresh MSR™"N  medium without bacteria to avoid boundary effects.
RCMtruncatulajgyC+Rirregularis (green wells): with Medicago truncatula in the root
compartment and hyphae in the hyphae compartment; RCM-fruncatulajpy C-Reirregularis
(orange wells): with M. truncatula in the root compartment but no hyphae in the
hyphae compartment; RCS#berosum/gC R irregularis (dark blue wells): with potato in
the root compartment and hyphae in the hyphae compartment; RCS¢rosum/HC-
Rirregularis (nink wells): with potato in the root compartment but no hyphae in the
hyphae compartment.
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Table S1. Gene-specific primer sequences used in this study.

Gene f&bbl.’eviations GenBank accession Gene length Primer sequence (5-3") Product
in this study number (bp) length (bp)

o T R AR
NodC N-

?;(%gzirlrildu)cosaminyltransferase nodC AGG70156 1281 EZ ?igg??fg:ggggggg;i?ziT cc 103
ansrptonssoovaor Ghamigy "0 AGGTIS 527 R COGCAGCGGACATTaACTATG 1
rnseripton st Glasmidy "0 AGGTOOL 933 R TGGACAGCCTCAGTGAACCAGAG 12
comseriptons scivaer iy 700 AGGTOMA 00 R ATAGGAGCGTAGGCGAGCGATG
pinding pocin im0 AGOTOISS 0 eaccraacarccaaTerrere 1Y
oty T ods AGGMISt T8 R CacccoaCeaTCATICCTARGE
ponile T N SMenzs  AGGTST s R GeaGTICaACAGeTGGAT M)

150



ANNEXES — ANNEX I

Table S2. The information of flavonoids in silico NodD1,2,3—flavonoid binding
studies

No. Flavonoids PubChem CID m/z

1 Luteolin-acetylhexuronide 44258127 503.0830
2 Sudachiin A 73829938 521.1300
3 Tetrahydroxy-tetramethoxyflavone-hexoside 44260070 567.1355
4 Isosakuranetin-hexosyl-deoxyhexose 16760075 593.1875
5 Taxifolin-deoxyhexosyl-oxanepentol 163060888 597.1460
6 Haploside C 44260015 695.1832
7 Sagittain B1 44258973 751.2116
8 Sagittain B2 44258973 751.2117
9 T'rimethoxy-hydroxy-methyl-ﬂavanone- 72828014 8132828

dihexosyl-deoxyhexose

10 Trihydroxy-flavanone-hexosyl-pentose 42607913 565.1563
11 Luteolin-7-glucoside 5280637 447.0938
12 Hyperoside 5281643 303.0502
13 Luteolin 5280445 287.0543
14 Chrysoeriol 5280666 299.0553
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Table S3. Root mycorrhizal colonization and soil mycelium density in the in vivo experiment.

Soil mycelium density (cm-g™ of

Sampling date (Y-M-D) Sampling place Arbuscules (%) Vesicles/spores (%) Total (%) fresh soil)
2023-07-06 CC 30.3+423 19.7+4.5 82.5+44 -
2023-08-01 M. truncatula™* 385+2.8 18.8+2.5 793+13 69.1 +10.7
2023-08-01 M. truncatula™®" 0+0 0=+0 0=+0 0+0
2023-08-01 P, lanceolata™®" 0+0 0+0 0+0 0+0
2023-08-01 CC - - - 51.5+6.5
2023-08-01 M. truncatula*®' tube - - - 73.3+£9.6
2023-08-01 M. truncatula™® tube - - - 0+0
2023-08-01 P, lanceolata™ tube - - - 0+0

Note: CC: central chamber; M. truncatula™": the chamber with M. truncatula and R. irregularis; M. truncatula ®": the chamber with M.

truncatula but not R. irregularis; P. lanceolata™": the chamber with P. lanceolata but not R. irregularis; M. truncatula™" tube: the tube
connectes M. truncatula®* with the CC; M. truncatula™®" tube: the tube connectes M. truncatula ™" with the CC; P. lanceolata ™" tube: the

tube connectes P. lanceolata™" with the CC. Data (n = 6) are represented as means + SD.
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Scan the QR code or visit this link (https://doi.org/10.1093/ismejo/wrael85) to
access the Video S1, Video S2, and Supplemental dataset 1.

Video S1. Movement of S. meliloti on the surface of ERM in the hyphal
compartment in the direction of the root compartment containing M. truncatula at
12 hours following inoculation of the bacteria on the hyphae.

Video S2. Velocity of cytoplasmic/protoplasmic flow in the ERM at 24 hours

following S. meliloti inoculation on the hyphae, under the bright field of view.
(Scan the QR code for the video)
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Annex II

i Noao1 per

Figure S7. In silico binding studies between NodD1 protein of S. meliloti and 10
flavonoids. Here NodD1-flavonoid complexes were arranged based on their

binding affinities (the more negative the values, (Kcal-mol™), the stronger the
interactions). Each NodD1-flavonoid complex form hydrogen (green dotted line
between amino acid and flavonoid) and hydrophobic (red half circles) bonds
during NodD1-flavonoid interaction. The red-boxed NodD I-flavonoid indicates
the flavonoid found exclusively in the RCS-uberosum/gC+Rirregularis treatment. The
central picture (inside the oval circle) predicts the binding sites of 9 flavonoids in
NodD1 protein of S. meliloti. Individual figures are shown below. A: sagittain B1
and sagittain B2; B: isosakuranetin-hexosyl-deoxyhexose; C: luteolin-
acetylhexuronide; D: taxifolin-deoxyhexosyl-oxanepentol; E: haploside C; F:
sudachiin A; G: tetrahydroxy-tetramethoxyflavone-hexoside; H: trihydroxy-
flavanone-hexosyl-pentose; I: trimethoxy-hydroxy-methyl-flavanone-dihexosyl-
deoxyhexose. Sagittain B1 and Sagittain B2 were merged into a single flavonoid
since their comparison results in the PubChem (https://pubchem.ncbi.nlm.nih.gov)

were identical. The figure was designed according to Bag et al. (2022).
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NodD1_Trihydroxy-flavanone-hexosyl-pentose

Figure S8. In silico binding studies of NodD1 protein of S. meliloti and 10
flavonoids. Each NodD1-flavonoid complex form hydrogen (green dotted line
between amino acid and flavonoid, with distances) and hydrophobic (red half
circles) bond during NodD1-flavonoid interaction. Sagittain B1 and Sagittain B2
were merged into a single flavonoid since their comparison results in the
PubChem (https://pubchem.ncbi.nlm.nih.gov) were identical.
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NodD2_Luteolin-acetylhexuronide

Figure S9. In silico binding studies between NodD?2 protein of S. meliloti and 10
flavonoids. Here NodD2—flavonoid complexes were arranged based on their
binding affinities (the more negative the values, (Kcal-mol™), the stronger the
interactions). Each NodD2—flavonoid complex form hydrogen (green dotted line
between amino acid and flavonoid) and hydrophobic (red half circles) bonds
during NodD2-flavonoid interaction. The red-boxed NodD2-flavonoid indicates
the flavonoid found exclusively in the RCS-uberosum/gC+Rirregularis treatment. The
central picture (inside the oval circle) predicts the binding sites of 9 flavonoids in
NodD2 protein of S. meliloti. Individual figures are shown below. A: sagittain B1
and sagittain B2; B: isosakuranetin-hexosyl-deoxyhexose; C: luteolin-
acetylhexuronide; D: taxifolin-deoxyhexosyl-oxanepentol; E: haploside C; F:
sudachiin A; G: tetrahydroxy-tetramethoxyflavone-hexoside; H: trihydroxy-
flavanone-hexosyl-pentose; I: trimethoxy-hydroxy-methyl-flavanone-dihexosyl-

deoxyhexose. Sagittain B1 and Sagittain B2 were merged into a single flavonoid
since their comparison results in the PubChem (https://pubchem.ncbi.nlm.nih.gov)
were identical. The figure was designed according to Bag et al. (2022).
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Figure S10. /n silico binding studies of NodD2 protein of S. meliloti and 10
flavonoids. Each NodD2-flavonoid complex form hydrogen (green dotted line
between amino acid and flavonoid, with distances) and hydrophobic (red half
circles) bond during NodD2-flavonoid interaction. Sagittain B1 and Sagittain B2
were merged into a single flavonoid since their comparison results in the
PubChem (https://pubchem.ncbi.nlm.nih.gov/) were identical.

158


https://pubchem.ncbi.nlm.nih.gov/

ANNEXES — ANNEX II

ot Isossmranein s eonyberose

Figure S11. /n silico binding studies between NodD3 protein of S. meliloti and
10 flavonoids. Here NodD3—flavonoid complexes were arranged based on their
binding affinities (the more negative the values, (Kcal-mol™), the stronger the
interactions). Each NodD3—flavonoid complex form hydrogen (green dotted line
between amino acid and flavonoid) and hydrophobic (red half circles) bonds
during NodD3-flavonoid interaction. The red-boxed NodD3—flavonoid indicates
the flavonoid found exclusively in the RCS-uberosum/gC+Rirregularis treatment. The
central picture (inside the oval circle) predicts the binding sites of 9 flavonoids in
NodD3 protein of S. meliloti. Individual figures are shown below. A: sagittain B1
and sagittain B2; B: isosakuranetin-hexosyl-deoxyhexose; C: luteolin-
acetylhexuronide; D: taxifolin-deoxyhexosyl-oxanepentol; E: haploside C; F:
sudachiin A; G: tetrahydroxy-tetramethoxyflavone-hexoside; H: trihydroxy-
flavanone-hexosyl-pentose; I: trimethoxy-hydroxy-methyl-flavanone-dihexosyl-
deoxyhexose. Sagittain B1 and Sagittain B2 were merged into a single flavonoid
since their comparison results in the PubChem (https://pubchem.ncbi.nlm.nih.gov)
were identical. The figure was designed according to Bag et al. (2022).
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Figure S12. In silico binding studies of NodD3 protein of S. meliloti and 10
flavonoids. Each NodD3-flavonoid complex form hydrogen (green dotted line
between amino acid and flavonoid, with distances) and hydrophobic (red half
circles) bond during NodD3-flavonoid interaction. Sagittain B1 and Sagittain B2
were merged into a single flavonoid since their comparison results in the
PubChem (https://pubchem.ncbi.nlm.nih.gov) were identical.
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g NodD1_Luteolin

Figure S13. /n silico binding studies between NodD1 protein of S. meliloti and 4
flavonoids from Compton et al.’s (2020) study. Here NodDIl-flavonoid
complexes were arranged based on their binding affinities (the more negative the
values, (Kcal'mol!), the stronger the interactions). Each NodD1-flavonoid
complex form hydrogen (green dotted line between amino acid and flavonoid)
and hydrophobic (red half circles) bonds during NodD1-flavonoid interaction.
The red-boxed NodD 1-flavonoid indicates the flavonoid found exclusively in the
RS tuberosum g C+Rirregularis treatment. The central picture (inside the oval circle)
predicts the binding sites of 4 flavonoids in NodD1 protein of S. meliloti.
Individual figures are shown below. a: luteolin-7-glucoside; b: hyperoside; c:
luteolin; d: chrysoeriol. The figure was designed according to Bag et al. (2022).
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Figure S14. In silico binding studies of NodD1 protein of S. meliloti and 4
flavonoids from Compton et al.’s (2020) study. Each NodD1-flavonoid complex
form hydrogen (green dotted line between amino acid and flavonoid, with
distances) and hydrophobic (red half circles) bond during NodD1-flavonoid
interaction.

161



ANNEXES — ANNEX II

Yo Noto1_Lumoim

Figure S1S. /n silico binding studies between NodD2 protein of S. meliloti and 4
flavonoids from Compton et al.’s (2020) study. Here NodD2—flavonoid
complexes were arranged based on their binding affinities (the more negative the
values, (Kcal'mol!), the stronger the interactions). Each NodD2-flavonoid
complex form hydrogen (green dotted line between amino acid and flavonoid)
and hydrophobic (red half circles) bonds during NodD2—flavonoid interaction.
The red-boxed NodD2—flavonoid indicates the flavonoid found exclusively in the
RS uberosum g C+Rirregularis treatment. The central picture (inside the oval circle)
predicts the binding sites of 4 flavonoids in NodD2protein of S. meliloti.
Individual figures are shown below. a: luteolin-7-glucoside; b: hyperoside; c:
luteolin; d: chrysoeriol. The figure was designed according to Bag et al. (2022).
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Figure S16. In silico binding studies of NodD2 protein of S. meliloti and 4
flavonoids from Compton et al.’s (2020) study. Each NodD2-flavonoid complex
form hydrogen (green dotted line between amino acid and flavonoid, with
distances) and hydrophobic (red half circles) bond during NodD2-flavonoid
interaction.
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Figure S17. In silico blndlng studies between NodD3 protein of S. meliloti and 4
flavonoids from Compton et al.’s (2020) study. Here NodD3—flavonoid
complexes were arranged based on their binding affinities (the more negative the
values, (Kcal'mol!), the stronger the interactions). Each NodD3—flavonoid
complex form hydrogen (green dotted line between amino acid and flavonoid)
and hydrophobic (red half circles) bonds during NodD3—flavonoid interaction.
The red-boxed NodD3—flavonoid indicates the flavonoid found exclusively in the
RS uberosum g C+Rirregularis treatment. The central picture (inside the oval circle)
predicts the binding sites of 4 flavonoids in NodD3 protein of S. meliloti.
Individual figures are shown below. a: luteolin-7-glucoside; b: hyperoside; c:
luteolin; d: chrysoeriol. The figure was designed according to Bag et al. (2022).
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Figure S18. In silico binding studies of NodD3 protein of S. meliloti and 4
flavonoids from Compton et al.’s (2020) study. Each NodD3-flavonoid complex
form hydrogen (green dotted line between amino acid and flavonoid, with
distances) and hydrophobic (red half circles) bond during NodD3-flavonoid
interaction.
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Annex II1

rhizobia
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YEB medium with tetracycline YEB medium with spectinomycin

Figure S19. Workflow for sampling and quantifying bacterial migration along
hyphae. This figure illustrates the key steps in assessing S. meliloti and B.
diazoefficiens migration along R. irregularis hyphae connecting M. truncatula
and G. max within a quadri-compartmented Petri plate system. (A) Diagram of
sampling points at 0.7 cm and 1.4 cm from the inoculation site on hyphae in the
central compartment. (B) Image of the 2 mm diameter cork borer used to collect
medium samples. (C) Schematic of vortexing to homogenize bacterial
suspensions from sampled medium. (D) Diagram of selective plating on YEB agar
with species-specific antibiotics to enumerate colony-forming units (CFUs).
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Figure S20. Picture of the three-compartment pot system.

Table S4. The information of eight flavonoids in silico NodD1-flavonoid binding

studies

No. Flavonoids PubChem CID m/z

1 DL-Liquiritigenin 1889 255.0656

2 Formononetin 439246 273.0756

3 Naringenin 73571 287.0910/287.0911
4 3,7-Dimethylquercetin 5281779 329.0660

5 Irilone 5281779 299.0548

6 Erylatissin A 11739635 353.1382

7 Daidzin 107971 417.1180

8 6’’-0O-Malonyldaidzin 14500869 503.1185
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Table S5. LC-MS/MS analysis of chemical features and functions of non-flavonoid compounds in Glycine max and Medicago truncatula

symbiotic systems with rhizobium: comparison of compounds detected exclusively in RCO"®/HCRiregularis treatment (Group A) and

Rthruncatula /Hc+R4irregularis treatment (Group B)

Group Ontology Structure m/z Classification

A Glutamic acid and derivatives Tetrahydrofolic acid 446.18 Amino Acid Derivatives

A N-acyl-alpha amino acids and derivatives ~ N-butyryl-L-homoserine lactone 172.1 Amino Acid Derivatives

A Anthraquinones aklanonic acid 395.08 Aromatic Compounds

A Tricarboxylic acids and derivatives Mumefural 301.06 Aromatic Compounds

A Coumestans Psoralidin 337.11 Aromatic Compounds

A Pyridinecarboxylic acids UNPD141826 167.04 Aromatic Compounds

A Isocoumarins and derivatives UNPD197888 451.07 Aromatic Compounds

A Hydroxycinnamic acid glycosides 1-O-Sinapoylglucose 385.11 Glycosides

A Cyanogenic glycosides NCGC00380916-01_C16H27NO10_ 416.15 Glycosides

A Hexacarboxylic acids and derivatives Taxezopidine L 755.29 Carboxylic Acids

A Tricarboxylic acids and derivatives Mumefural 301.06 Carboxylic Acids

A Methoxyphenols Sesamolinol 371.11 Phenols

A Cyclohexenones Panepoxydone;(-)-Panepoxydone 211.1 Ketones

A 5'-deoxyribonucleosides aminodeoxyfutalosine 414.14 Nucleosides

A Diarylethers 2-(1-{[(6-{5-[4-(1H-1,2,4-triazol-1-yl)phenoxy]-1H- 525.22 Heterocyclic Compounds
1,2,3,4-tetrazol-1-yl}-hexahydrofuro[3,2-b]furan-3-
yl)carbamoyl|methyl} cyclopentyl)acetic acid

A Pyranodioxins N-[8-hydroxy-2,2-dimethyl-6-(4-nitrophenoxy)-hexahydro-  383.14 Heterocyclic Compounds
2H-pyrano[3,2-d][1,3]dioxin-7-yl]acetamide

A Sesquiterpenoids 9-Hydroxymegastigma-4,6,7-trien-3-one 207.14 Terpenoids

A Triterpene saponins Acetylsoyasaponin A3 1243.6 Terpenoids

A Triterpene saponins Acetylsoyasaponin A4 1363.6 Terpenoids
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Triterpene saponins
Triterpene saponins
Terpene glycosides
Terpene glycosides
Terpene glycosides
Iridoid O-glycosides
Triterpene saponins
Germacranolides and derivatives
Triterpene saponins
Triterpene saponins
Triterpenoids
1-benzopyrans

Difurocoumarocyclopentenones
Steroidal glycosides

Oligosaccharides
Bile acids, alcohols and derivatives
Triterpene saponins

Assamsaponin G

Lobatoside I

NCGC00380501-01_C16H2609 _

Nepetaside

Oleoside 11-methyl ester

Radiatoside

Theasaponin A3;(-)-Theasaponin A3

Tulipinolide

UNPD185064

Vaccaroside G

Vaccaroside H
3,4-Dihydro-6-hydroxy-2,5,7,8-tetramethyl-2H-1-
benzopyran-2-carboxylic acid

Aflatoxin B1
3beta-[(beta-D-glucopyranosyl)oxy]-17alpha-hydroxy-
16beta-[(O-beta-D-xylopyranosyl)-(1->3)-2-O-acetyl-
alpha-L-arabinopyranosyloxy]cholest-5-en-22-one
UNPD131592

UNPD64192

Polygalasaponin J;(+)-Polygalasaponin J

1259.6
1393.6
385.15
345.15
405.14
721.26
1273.6
291.16
617.28
1405.6
1393.6
249.11

313.07
899.46

1017.3
733.38
1251.6

Terpenoids
Terpenoids
Terpenoids
Terpenoids
Terpenoids
Terpenoids
Terpenoids
Terpenoids
Terpenoids
Terpenoids
Terpenoids
Aromatic Compounds

Aromatic Compounds
Glycosides

Saccharides
Steroids
Terpenoids
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Scan the QR code or visit this link (https://doi.org/10.1093/ismejo/wraf100) to
access the Supplemental dataset 2.
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OVERVIEW OF THE SCIENTIFIC ACHIEVEMENTS
Scientific Publications
Research articles published
He Jiadong, Zhang Lin, Van Dingenen Judith, Desmet Sandrien, Goormachtig
Sofie, Calonne-Salmon Maryline, and Declerck Stéphane. (2024). Arbuscular

Mycorrhizal hyphae facilitate rhizobia dispersal and nodulation in legumes. The
ISME Journal, 18 (1), wrael85. https://doi.org/10.1093/ismejo/wrael185

Impact factor: 10.8

He Jiadong, Van Dingenen Judith, Goormachtig Sofie, Calonne-Salmon Maryline,
Declerck Stéphane. (2025). Legume-specific recruitment of rhizobia by hyphae
of arbuscular mycorrhizal fungi. The ISME Journal, 19 (1), wrafl00.
https://doi.org/10.1093/ismejo/wraf100

Submitted to The ISME Journal.

Impact factor: 10.8
Conference Participation

International Conference on Advanced Materials, Belgium, 22-24 November
2022. Poster presentation. Title: Role of common mycelial networks of AMF on
mobilizing free-living or symbiotic N-fixing bacteria and stimulating N
acquisition by plants. Authors: He Jiadong, Calonne-Salmon Maryline, Van
Dingenen Judith, Goormachtig Sofie, Declerck Stéphane.

The 6™ International Molecular Mycorrhiza Meeting, Cambridge, UK, 25-27
September 2023. Poster presentation. Title: Role of common mycelial networks
of AMF on mobilizing free-living or symbiotic N-fixing bacteria and stimulating
N acquisition by plants. Authors: He Jiadong, Calonne-Salmon Maryline, Van
Dingenen Judith, Goormachtig Sofie, Declerck Stéphane.

The 12% Edition of the International Mycological Congress, Maastricht,

Netherlands, 11-15 August 2024. Poster presentation. Title: Rhizobia hitchhiking
on arbuscular mycorrhizal hyphae allows nodulation in legumes. Authors: He
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Jiadong, Zhang Lin, Van Dingenen Judith, Goormachtig Sofie, Calonne-Salmon
Maryline, Declerck Stéphane.

Teaching and Student Supervision
International training on in vitro culture of Arbuscular Mycorrhizal Fungi,
organized by the CESAMM laboratory, UCL, Prof. Stéphane Declerck: Plant

systems (AMP+HAMP) Session. Louvain-la-Neuve, Belgium (2021, 2022, 2023,
and 2024).
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The work presented in this thesis was conducted during the course of my PhD.
The Introduction, State of the Art, General Discussion, Conclusions and
Perspectives sections were written entirely by myself and are not intended for
publication. These sections were developed to provide the theoretical background,
integrate the findings, and discuss the broader implications of the research.

Chapter I is a research article published in The ISME Journal (2024), with an
estimated 90% contribution from me. The experimental design for this study,
which focused on elucidating the role of AM fungal hyphae in facilitating the
long-distance migration of rhizobia and the nodulation process in legumes, was
developed through discussions with Prof. Stéphane Declerck (Université
catholique de Louvain) and Dr. Maryline Calonne-Salmon (Université catholique
de Louvain). Building on this collaborative design, I was responsible for
conducting the experiments, including setting up and implementing in vitro and
greenhouse-based experimental systems, performing time-lapse microscopy to
analyze rhizobial migration on hyphae surface, and conducting statistical analysis
and interpretation of the data. I also wrote the manuscript, synthesizing the
findings and integrating them into a cohesive narrative. The flavonoid profiling
of hyphal compartments colonized by Rhizophagus irregularis was conducted at
the VIB Metabolomics Core Ghent (VIB-MCG) by Dr. Judith Van Dingenen
(Ghent University), Dr. Sandrien Desmet (Ghent University), and Prof. Sofie
Goormachtig (Ghent University). I collaborated closely with them to interpret the
metabolomics data and link flavonoid signaling to rhizobial behavior. Throughout
the research process, Prof. Stéphane Declerck and Dr. Maryline Calonne-Salmon
provided critical guidance and valuable insights that supported the progression of
the study. Prof. Lin Zhang (China Agricultural University) offered some
conceptual inputs during the writing process. All co-authors participated in the
review of the manuscript, providing highly specialized and constructive feedbacks
to enhance the scientific clarity and rigor of the publication.

Chapter 11 is a research article published in The ISME Journal (2025), where my
contribution was also estimated at 90%. This study expanded on the findings of
Chapter 1 by investigating the legume-specific recruitment of rhizobia via
common mycorrhizal networks. I developed and implemented the experimental
systems, which included connecting Medicago truncatula and Glycine max using
AM fungal networks, and conducted detailed assessments of selective rhizobial
migration (Sinorhizobium meliloti and Bradyrhizobium diazoefficiens) and
nodulation processes. I also collaborated with Sofie Goormachtig and Judith van
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Dingene from the VIB Metabolomics Core Ghent for flavonoid profiling, while I
performed the interpretation of the results to link specific flavonoids to rhizobial
host preference. I wrote the manuscript and revised it based on the highly detailed
and professional feedbacks provided by Prof. Stéphane Declerck and Dr.
Maryline Calonne-Salmon. All co-authors reviewed the manuscript and provided
expert feedback to strengthen its scientific accuracy and presentation.
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