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Abstract

The association between plants and arbuscular mycorrhizal fungi (AMF) 
affects plant performance and ecosystem functioning. Recent studies 
have identified AMF-associated bacteria as cooperative partners that 
participate in AMF–plant symbiosis: specific endobacteria live inside 
AMF, and hyphospheric bacteria colonize the soil that surrounds the 
extraradical hyphae. In this Review, we describe the concept of a plant–
AMF–bacterium continuum, summarize current advances and provide 
perspectives on soil microbiology. First, we review the top-down carbon 
flow and the bottom-up mineral flow (especially phosphorus and 
nitrogen) in this continuum, as well as how AMF–bacteria interactions 
influence the biogeochemical cycling of nutrients (for example, carbon, 
phosphorus and nitrogen). Second, we discuss how AMF interact with 
hyphospheric bacteria or endobacteria to regulate nutrient exchange 
between plants and AMF, and the possible molecular mechanisms 
that underpin this continuum. Finally, we explore future prospects 
for studies on the hyphosphere to facilitate the utilization of AMF and 
hyphospheric bacteria in sustainable agriculture.
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consistently enriched in the hyphosphere across soil types and AMF 
species, thus aggregating into stable guilds7,19.

Hyphospheric bacteria have multiple effects on AMF and their 
host plants. First, some genera of hyphospheric bacteria, such as Pseu-
domonas, Bacillus and Streptomyces, promote AMF hyphal elongation 
and branching and improve AMF colonization efficiency within roots. 
Their functions are similar to those of the mycorrhizal helper bacteria, 
which were identified for their ecological and evolutionary significance 
in ectomycorrhizae20. Nowadays, the term ‘mycorrhizal helper bacteria’ 
has been extended to include all the bacteria that interact with mycor-
rhizal fungi and plants to promote the establishment of their symbiosis, 
which depends neither on the type of mycorrhizal symbiosis nor on 
the taxa of the bacterial strains and the ecological niche in which they 
dwell21,22. Second, hyphospheric bacteria can provide AMF and host 
plants with otherwise inaccessible P, N and micronutrients that are 
far from the roots23,24. Furthermore, the close interactions of bacteria 
and AMF in the hyphosphere can influence the biogeochemical cycling 
of nutrients in terrestrial ecosystems (Box 2), providing benefits for 
agriculture in a changing climate.

The plant–AMF–bacterium continuum
Plants fix atmospheric C and transfer it to below-ground plant parts 
to fuel root growth and metabolism25. During nutrient acquisition, 
plants are often helped by their complex microbiota, which thrives 
within the root or at the root surface by taking advantage of the C-rich 
environment2. AMF connect plants and soil; their intraradical hyphae 
(IRH) penetrate outer root cortical cells, producing fungal hyphal coils 
that are surrounded by a plant-derived plasma membrane3. Such peri-
fungal membranes also surround the fungal tree-like structures called 
arbuscules in inner cortical cells, thus delimiting an apoplastic com-
partment termed the peri-arbuscular space (PAS); the PAS forms the 
interface for exchange of C and nutrients between plants and AMF11,26,27. 
In contrast to IRH, ERH extend beyond the rhizosphere and grow into 
soil micropores, where they interact with the microbiota dwelling in the 
hyphosphere. This forms the interface for exchanging C and nutrients 
between AMF and soil bacteria9,28.

These observations suggest the existence of a biological con-
tinuum between plants, AMF and soil bacteria. In this plant–AMF–
bacterium (PFB) continuum, the peri-arbuscular and hyphosphere 
interfaces have key roles in the exchange of C and minerals (Fig. 1).

Three-kingdom carbon and mineral flows
In the PFB continuum, top-down C flows and bottom-up nutrient flows 
contribute to the establishment of a metabolic network between plants, 
AMF and bacteria (Fig. 2). The arbuscular mycorrhizal fungus func-
tions as the central player that coordinates the stability of the entire 
continuum in the ecosystem: plants acquire mineral nutrients neces-
sary for growth, and AMF, as well as its associated bacteria, obtain C 
for metabolism, thus improving the fitness of all members.

Carbon metabolism in mycorrhizal roots and carbon flow 
towards AMF
A recent study estimated that plants provide approximately 6% of 
their net photosynthates (particularly fatty acids and sugars) to AMF, 
depending on the habitat and plant growth type29.

Sugars can be exported extracellularly via members of the SWEET 
(sugar will eventually be exported transporter) family localized in 
the peri-arbuscular membrane (PAM)30,31 (Fig. 2). Physiological and 
genomic evidence indicates that AMF do not possess reversible 

Introduction
Mycorrhizal fungi are crucial components of the plant microbiota1 
and are key actors in terrestrial ecosystems, where they facilitate the 
exchange of carbon (C) and minerals2. Interacting with various plants3,4, 
mycorrhizal fungi provide multiple ecological services in natural and 
agricultural environments. Arbuscular mycorrhizal fungi (AMF) have 
co-evolved with plants for 400 million years and form symbioses with 
72% of land plants. They affect plant performance and ecosystem 
functioning5, such as plant health, nutrient cycling and soil structure 
(Box 1). In these AMF symbioses, plants provide photosynthetically 
fixed C (including lipids and sugars) in exchange for minerals, especially 
phosphorus (P) and nitrogen (N)6.

Bacteria also form part of the plant microbiota and take part 
in AMF–plant symbiosis; for example, some AMF host endobac-
teria within their cytoplasm. Moreover, AMF hyphae grow within 
and extend outside the plant root; the thin soil layer that surrounds 
these extraradical hyphae (ERH) forms a specialized niche called the 
‘hyphosphere’ (Fig. 1). This niche hosts a plethora of hyphospheric 
bacteria that feed on fungal metabolites that contain plant-derived C  
(refs. 7,8). In return, the bacteria support the mineral nutrition of 
AMF by secreting extracellular enzymes (Supplementary Table 1), 
as AMF cannot decompose polymer nutrients owing to their limited 
saprotrophic capability9,10.

In this Review, we present the most recent advances in our under-
standing of how plants, AMF and their associated bacteria exchange 
host plant-derived C and soil-derived minerals. These exchanges pro-
vide energy to the microbial partners and economically convenient 
nutrients to plants. We analyse the potential mechanisms by which 
the partners orchestrate their three-kingdom interactions. Finally, 
we outline the potential use of AMF and hyphospheric bacteria as 
biostimulants for sustainable agriculture.

The hyphosphere and hyphospheric bacteria
AMF form ERH networks in soil11, expanding their contact area with 
the soil and releasing various compounds (Box 2). These compounds 
affect the hyphal surface and the thin layer of soil (approximately 2 mm) 
adjacent to the ERH. Similar to the rhizosphere, which surrounds plant 
roots, the thin soil layer that surrounds the ERH is defined as the hypho-
sphere, which differs from bulk soil because hyphal exudates influence 
its physical, chemical and biochemical properties12,13 (Fig. 1).

The hyphosphere provides a high-energy microhabitat for mul-
tivarious bacteria and facilitates their dispersal in the soil along the 
ERH14,15. The bacteria that live in the hyphosphere and feed on hyphal 
exudates are called ‘hyphospheric bacteria’13. Recent studies have 
examined their identities and functions13,16,17 and demonstrated that 
they include members of 26 phyla. The most abundant hypospheric 
bacteria belong mostly to Pseudomonadota, Actinomycetota, Gem-
matimonadota, Bacteroidota, Chloroflexota, Acidobacteriota and 
Bacillota, but also include some bacterial taxa that were observed 
only in specific studies, such as Verrucomicrobiota7. At the genus 
level, the most frequent bacterial taxa belong to Pseudomonas, Strep-
tomyces, Paenibacillus, Arthrobacter, Bacillus, Burkholderia, Massilia 
and Stenotrophomonas. Different AMF can co-colonize the roots of 
individual plants and recruit their own specific microbiota by varying 
the composition of their hyphal exudates18. Although different AMF 
may affect the composition of the hyphospheric bacterial community, 
some members seem to be stable and not affected by external factors. 
At the order level, some bacterial groups (for example, Myxococca-
les, Betaproteobacteriales, Cytophagales and Chloroflexales) were 
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sucrose synthases and invertases to cleave sucrose and can only utilize 
monosaccharides, especially glucose and fructose32–34. In roots, plant 
invertases and reversible sucrose synthases facilitate sugar acquisi-
tion by AMF35. These enzymes process sucrose into monosaccharides 
to be taken up via the plasma membrane-localized monosaccharide 
transporters (MSTs) in AMF36–38. For example, Rhizophagus irregularis 
(formerly Glomus sp.) RiMST2 is a high-affinity MST that scavenges 

monosaccharides and is crucial for the symbiotic relationship with 
the host plant37.

In addition to sugars, AMF obtain host-synthesized fatty acids 
to facilitate the development of symbiosis39–42 (Fig. 2). Lipids such as 
triacylglycerol (TAG) are the main forms of C stored in AMF32,33. Notably, 
no cytoplasmic type I fatty acid de novo synthase-encoding genes 
were found in the published genomes or transcriptomes of AMF34,43–45. 

Box 1 | Major features of AMF and their implications for ecosystems
 

Together with Geosiphon pyriforme, arbuscular mycorrhizal fungi 
(AMF) are the only members of subphylum Glomeromycotina 
(in Mucoromycota). This ancient lineage of obligate biotrophs lives 
in soils and establishes a hyphal network that depends on the host 
plant-delivered carbon source154,164. Unlike ectomycorrhizal and 
ericoid mycorrhizal fungi, which mostly evolved from saprotrophic 
ancestors165, AMF are ancient symbiotic fungi that evolved more 
than 400 million years ago, before fungi developed their enzymatic 
arsenal for the degradation of organic matter. Owing to their limited 
saprotrophic capacities, AMF depend on their host plants, with whom 
they have associated since the emergence of the common ancestor 
of land plants3,166.

In nature, multiple AMF can coexist in a single host plant, whereas 
an individual arbuscular mycorrhizal fungus can also colonize 
distinct host plants, resulting in an underground ‘common hyphal 
network’ that connects different plant species3. Despite their 
ecological importance, the global distribution of AMF taxa has only 
been partially described. Although initial analyses suggested the 
‘everything is everywhere’ hypothesis, researchers167 described 
how the distribution of arbuscular mycorrhizal families differs 
between climatic zones and continents, even if they still seem to 
be cosmopolitan. Species distribution shows a slight decrease 
from low to high latitudes, but this decrease is steeper in the 
southern than in the northern hemisphere. These findings suggest 
a ‘moderate endemicity model’, but the biogeographical patterns 
of Glomeromycotina remain to be resolved. This probably mirrors a 
large sampling bias towards heavily studied regions in Europe, North 
America and China, whereas many tropical regions or large parts of 
Asia remain understudied168.

In this ecological context, to further our understanding of AMF, 
other parameters must also be considered. AMF mediate the uptake 
of nutrients and water in natural and agricultural ecosystems, 
affecting primary productivity and long-term soil C storage, owing 
to their spores and extraradical hyphae169,170. Considering current 
climate change, the biodiversity of AMF must be protected, as its 
loss can negatively affect C storage and lead to other dangerous 
scenarios171,172. As AMF activate priming responses in plants via 
plant immunity mechanisms, their decreased presence can limit 
their suppression of soil-borne pathogens173. The underground 
hyphal network of AMF also serves as a rapid channel for plant 
signal transduction to anticipate danger174. The exploration of AMF 
genomes has provided clues to help answer some major questions 
about their biology, evolution and ecology. Genomic data are 
available for representatives of various AMF orders, from Glomerales 
to Diversisporales and Archaeosporales175, revealing that these 
fungi have unusually large genomes (from approximately 150 Mb 
in Rhizophagus species to 784 Mb in Gigaspora margarita), with the 
exception of the ancestral sister lineage Paraglomus occultum, which 
contains a relatively small genome (39.6 Mb). The nuclear dynamics, 
the abundance of transposable elements and the epigenomic 
landscape are emerging parameters that can explain the genetic 
variability of AMF, in addition to sexuality events, which have recently 
been demonstrated176. These features can explain the adaptability of 
AMF to a wide host range and to environmental changes. Collectively, 
all of this evidence highlights the increasingly prominent roles of 
AMF in terrestrial ecosystems, which are acknowledged as one of the 
potential beneficial factors promoting agricultural production and 
ecosystem stability (see the figure).
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Fig. 1 | An overview of the plant–arbuscular mycorrhizal fungus–bacterium 
continuum and the two key interfaces involved in nutrient exchange. In the 
72% of land plants that establish symbiosis with arbuscular mycorrhizal fungi 
(AMF), carbon (C) flows from the atmosphere towards the roots, AMF and 
hyphospheric bacteria, whereas mineral nutrients flow from hyphospheric 
bacteria and AMF towards the roots and up to the shoots. The intraradical 
hyphae of AMF invade plant cortical cells and form arbuscules, where each fungal 
branch is surrounded by the plant peri-arbuscular membrane (see the inset). 
The area between the peri-arbuscular membrane and the fungal wall is called 

the ‘peri-arbuscular space’, where nutrient exchange occurs bidirectionally. The 
extraradical hyphae of AMF rapidly extend into the soil and release C-containing 
compounds in the form of hyphal exudates, which attract various bacteria 
to colonize the hyphosphere. Here, the exchange of C (hyphal exudates) and 
mineral nutrients (inorganic phosphate (Pi) and inorganic nitrogen (Ni)) between 
AMF and bacteria takes place. Therefore, plants, AMF and hyphospheric bacteria 
constitute a biological continuum in which top-down C flow and bottom-up 
mineral nutrient flow occur continuously via two active interfaces (plant–fungus 
and fungus–bacterium).
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Box 2 | Bacteria–AMF interactions and biogeochemical cycling of nutrients
 

Soil harbours abundant microorganisms that drive 
the biogeochemical cycles of nutrients from the local to the 
global scale177. Among the most important microorganisms, 
photoautotrophic microorganisms are responsible for approximately 
half of carbon dioxide (CO2) fixation and oxygen (O2) production on 
Earth, whereas heterotrophic microorganisms are mostly responsible 
for the opposite reaction: the oxidation of organic matter back into 
CO2. These two processes drive the biological sequestration of 
carbon (C), the reduction of atmospheric CO2 and the maintenance 

of increased atmospheric O2 levels. Other microorganisms carry out 
chemical transformations, including nitrogen (N) and phosphorus 
(P) flux to and from biologically available states: they fix atmospheric 
N2 and form the potent greenhouse gas nitrous oxide (N2O), whereas 
others alter the storage form of P to support soil fertility and plant 
nutrition178,179. Thus, microorganisms are a major engine of terrestrial 
biogeochemistry, driving the turnover of nutrients (for example, C, N 
and P) by releasing metabolic products, mediating intracellular and 
extracellular electron transport and releasing cell contents upon 
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Furthermore, stable isotope labelling experiments provided solid 
evidence that AMF cannot use monosaccharides to synthesize fatty 
acids de novo40. In host roots, de novo fatty acid biosynthesis first 
occurs in the plastid stroma, where acetyl-CoA undergoes a multistep 
conversion to generate fatty acids (C16:0), a process catalysed by 
the mycorrhizal-plant-specific enzymes β-keto-acyl carrier protein 
synthase I (DIS) and acyl-acyl carrier protein thioesterase (FatM)39,42,46. 
In the endoplasmic reticulum, fatty acids (C16:0) are then converted 
into β-monoacylglycerols (β-MAGs), a process that is regulated by 
another mycorrhizal-plant-specific enzyme, glycerol-3-phosphate 
acyltransferase (RAM2)39,42. Finally, these β-MAGs (C14:0 and C16:0) are 
thought to be transferred from host plants to the PAS via the specific 
PAM-localized heterodimeric half-size ATP-binding cassette G-type 
(ABCG) transporters STR and STR2 (STR represents stunted arbus-
cule)39,47,48. The β-MAGs (C14:0 and C16:0) in the PAS might be taken 
up by putative ABCG transporters on the arbuscular membranes of 
AMF49,50. Alternatively, the AMP-binding domain fatty acid transporters 
(RiFAT1 and RiFAT2) from the arbuscular mycorrhizal fungus R. irregu-
laris participate in the import of myristic acid (C14:0) and palmitic acid 
(C16:0) into the arbuscules51. Intriguingly, myristate (C14:0) treatment 
stimulated the asymbiotic growth and sporulation of AMF52,53. Despite 
this considerable progress, how C is allocated and the relative contribu-
tions of fatty acid and sugar transport from host plants to AMF (in terms 
of AMF colonization and development) remain elusive.

Carbon metabolism in AMF and carbon flow towards 
hyphospheric bacteria
In IRH, the fatty acids acquired by AMF from the host plant can be elon-
gated and desaturated to form TAGs, which are transferred to ERH as 
lipid droplets33. There, the lipids can be converted into sugars via the 

gluconeogenesis and glyoxylate cycle pathways. Plant-derived glucose 
and fructose can enter the oxidative pentose phosphate pathway, gly-
colysis pathway and tricarboxylic acid (TCA) cycle to participate in the 
C metabolism of IRH32. A portion of the glucose is converted into glyco-
gen, which acts as the main transport form for sugars from IRH to ERH, 
where it can be stored long term within spores or used to buffer intracel-
lular monosaccharide levels throughout the life cycle54–56. Moreover, 
lipids in spores are converted into sugars as an energy source for asym-
biotic growth. For example, the biosynthesis of storage and structural 
polymers such as chitin requires abundant carbohydrates during spore 
germination45, and the gluconeogenesis and glyoxylate cycles exhibit 
substantial metabolic fluxes at this asymbiotic stage57. In addition, bio-
chemical and omics evidence revealed that the glycogen biosynthesis 
and chitin metabolism pathways are activated in AMF spores45,56,58.

Carbon metabolism in AMF underlies C flow towards bacteria at the 
hyphosphere interface. Only a small proportion of bacteria (less than 5%) 
in the soil are known to remain active without easily available C inputs, 
and a large proportion of bacteria maintain a viable but non-active, 
dormant state59,60. These bacteria can transition from the dormant to the 
active state within minutes to hours59. In the case of the hyphosphere of 
AMF, the signal for bacterial activation may be given by the release into 
the soil of C-rich compounds produced via sugar and lipid metabolism in 
ERH of AMF. The hyphal exudates contain sugars (for example, fructose, 
glucose and trehalose), amino acids (for example, proline, leucine and 
tryptophan), carboxylates (for example, citric acid, succinic acid and uric 
acid), nucleic acids (for example, deoxyadenosine, deoxycytidine and 
deoxyguanosine), proteins and peptides13,61. The concentration of C 
released in hyphal exudate per gram of dry hyphae within 4 weeks was 
approximately 30 mM28, among which the concentrations of fructose, 
glucose and trehalose were 20.1, 15.7 and 0.17 μM, respectively9.

death60. All these transformations respond to changes in climate. 
As discussed previously180, microorganisms produce and consume the 
three dominant gases that are responsible for 98% of increased global 
warming: CO2, methane (CH4) and N2O. How arbuscular mycorrhizal 
fungi (AMF) and their associated bacteria function in this large-scale 
scenario is still largely unknown.

AMF can mediate soil C fluxes by affecting the entry of C 
into the soil to protect soil organic matter from decomposition, 
releasing CO2 and producing exudates through metabolism170,181. 
A study29 estimated that global plant communities allocate 3.93 Gt 
of CO2 per year to AMF, but the information on C flux is much more 
limited when their associated bacteria are considered. As recently 
demonstrated, bacteria are the main actors in the hyphosphere, as 
they accelerate the decomposition of complex organic materials, 
making mineral nutrients more readily available for AMF and 
plants23,24. The hyphosphere microbiome affected by hyphal 
exudates is substantially different from the bulk soil microbiome 
(see the figure, part a). Phosphorus-solubilizing bacteria are 
ubiquitous in the hyphosphere, producing carboxylates and protons 
to solubilize non-soluble P by lowering the pH, chelating cations and 
competing with phosphate for adsorption sites in soil182,183. These 
bacteria release phosphatases that also hydrolyse organic forms 
of P in the hyphosphere72,184. Under aerobic conditions, ammonia-
oxidizing bacteria can oxidize NH4

+ to NO3
−, whereas under anaerobic 

conditions, NO3
− is used as a respiratory electron acceptor by 

bacteria and is converted into gaseous N during denitrification185. 
The hyphospheric bacteria can also promote the reduction of N2O to 
N2 to reduce N2O emissions62 (see the figure, part b). These findings 
provide insights into the interactions between hyphospheric bacteria 
and AMF and how they may influence the biochemical cycling of 
nutrients in terrestrial ecosystems. The figure part a is adapted with 
permission from ref. 13, Elsevier.

The list of molecular components detected in hyphal exudates:
1. �    �Sugars and polyols: fructose, glucose, galactose, trehalose, inositol, 

raffinose, starch-like compound, putative di- and oligosaccharides, 
fructose-Leu, methylneuraminate, glycerate, GlcNAc6P

2.  �Amino acids and amines: asparagine, glutamine, pyroglutamic 
acid, leucine, proline, tryptophan, tyrosine, 5-oxoproline, 
theophylline, methionine sulfoxide, prostaglandin E2, N-acetyl-
β-alanine, 5-aminoimidazole-4-carboxamide-1-β-d-ribofuranosyl 
5′-monophosphate, pipecolate, arginine, riboflavin, carnitine, 
melilotate

3.  �Carboxylates: formiate, acetate, citric acid; succinic acid, aconitic 
acid, tartrate, N-acetylneuraminic acid

4. �Nucleic acids: deoxyadenosine, deoxycytidine, deoxyguanosine
5. �Proteins and peptides: secreted proteins
6. �Potential signals: catalpol, methyl salicylate

(continued from previous page)
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As hyphal exudates function as C-rich and energy-rich sources, 
they can substantially stimulate the growth and development of 
hyphospheric bacteria15,28,62. Indeed, stable isotope labelling experi-
ments with 13CO2 showed that AMF can function as a rapid hub for 
translocating C-photosynthates to soil, releasing hyphal exudates 
to feed the hyphospheric bacteria63–65. At least 92 amplicon sequence 
variants in the hyphosphere were substantially enriched with 13C and 
at the order level, the taxa that assimilated the most plant-derived 
13CO2 were Solibacterales, Sphingobacteriales, Myxococcales and 
Nitrososphaerales65. Metagenomic analysis indicated that most 
highly 13C-enriched bacteria have the potential to secrete enzymes 
to degrade soil organic C (ref. 64). Several of these soil bacteria (for 
example, Saccharibacteria sp. and Rahnella aquatilis) preferentially 
used fructose for their metabolism when they were exposed to mixed 
C sources9,66. In R. aquatilis, the sugars enter the glycolysis pathway 
to produce pyruvate, which leads to an increase in the acetyl-CoA 
concentration. Acetyl-CoA then functions as the substrate of the 
TCA cycle to produce ATP, further enhancing the metabolic activity 
of R. aquatilis67.

Strikingly, the fructose and carboxylates present in hyphal exu-
dates were shown to function as signalling molecules and/or attractants 
that induce the expression of R. aquatilis phosphatase genes and the 
Pseudomonas fluorescens nosZ gene, triggering R. aquatilis-mediated 
organic phosphorus (Po) mineralization and P. fluorescens-mediated 
N2O emission, respectively9,62. However, our knowledge about C flow 
from AMF towards hyphospheric bacteria remains limited. Future 
research should focus on the identity of hyphal exudate components 
that induce specific processes in hyphospheric bacteria.

Mineral transfer from the hyphosphere to mycorrhizal plants
The hyphosphere and peri-arbuscular interfaces have key roles in 
nutrient acquisition and transfer across the soil bacteria–AMF–roots 
continuum. Given that most plants in natural environments experience 
low inorganic phosphate (Pi) and low N conditions, the uptake and 
transfer of Pi and N in AMF symbionts are described in detail (Fig. 2).

Transfer of phosphate and nitrogen from the hyphosphere to AMF. 
In the PFB continuum, the hyphospheric bacteria actively assist the 
AMF in acquiring mineral nutrients (particularly P and N) from the soil 
and transporting them to plant cells via the tightly coordinated activities 
of the Pi and N transport systems11,68–71. Specifically, hyphospheric bac-
teria produce and secrete phosphatases and carbohydrate-degrading 
enzymes; indeed, the genes that encode these enzymes are ubiquitous 
in hyphospheric bacteria72,73. These enzymes can hydrolyse complex 
organically bound mineral nutrients into inorganic forms such as phos-
phate (PO4

−), ammonium (NH4
+) and nitrate (NO3

−), and even organic 
forms such as amino acids and short peptides for direct absorption 
and utilization by AMF (Fig. 2). Moreover, the expression of mineral 
nutrient transporter genes in IRH and ERH increases in the presence of 
a hyphospheric bacterium24.

Transfer of phosphate in arbuscular mycorrhizal symbiosis. The ERH 
of AMF take up Pi through high-affinity Pi transporters (for example, 
GvPT from Glomus versiforme, GintPT from Glomus intraradices and 
GigmPT from Gigaspora margarita) that belong to the phosphate trans-
porter 1 (PHT1) family localized on the plasma membranes of ERH74–76. 
Once in the cytosol, Pi is rapidly polymerized into polyphosphate (Poly-P)  
by the vacuolar transporter chaperon (VTC) complex on the vacuole 
membrane, and Poly-P is released into the tubular vacuoles77,78. During 

its long-distance translocation to the host plant, Poly-P transport may 
be driven by water flow mediated by plant transpiration79. When the 
Poly-P flux reaches IRH and the thin arbuscule branches, the fungal 
exopolyphosphatases PPX1 and PPN1 hydrolyse the Poly-P into free 
Pi, which is thought to be exported to the cytosol through the putative 
vacuolar Pi exporter PHO91 (ref. 80). The Pi not used by the fungus 
is then released into the PAS through Pi transporters located in the 
arbuscules and IRH.

A recent study provided the first insights into Pi release from the 
fungus to the PAS: the authors identified the SYG1–Pho81–XPR1 (SPX) 
domain-containing Pi transporter RiPT7 located on the membranes of 
R. irregularis81. RiPT7 is responsible for arbuscule development and 
symbiotic Pi delivery under moderate to low Pi conditions, as silencing 
the underlying gene impaired arbuscule morphogenesis, which led 
to smaller and early-degrading arbuscules and the accumulation of 
Poly-P in the fungus81. Pi present in arbuscules may also be exported 
to the PAS by the AMF PHO1-type Pi transporters RiPHO1, RcSYG1 
(from Rhizophagus clarus) and GmPHO1 (from G. margarita) via 
an exocytotic pathway45,70,81,82. Under conditions of extremely low 
Pi, AMF PHT1-type Pi transporters that are expressed in arbuscule-
containing cells may compete with Pi transporters of the host plant 
to retrieve Pi from the PAS75,76,81,83. An additional route was recently 
proposed in which Poly-P is unloaded through the VTC complex to 
the PAS, where an apoplastic acid phosphatase hydrolyses Poly-P 
into Pi (refs. 70,83,84). However, this potential pathway needs to be 
confirmed by further experiments.

Finally, Pi in the PAS is acquired by the mycorrhizal-plant-specific 
PHT1 family of Pi transporters localized on the PAMs of arbuscule-
containing cells, such as Medicago truncatula MtPT4, Lotus japonicus 
LjPT4 and rice (Oryza sativa) OsPT11 (refs. 85–90). As these mycorrhizal-
plant-specific Pi transporters belong to the Pi–H+ group of symporters, 
this transport process also requires H+-ATPases (such as MtHA1, OsHA1 
and tomato (Solanum lycopersicum) SlHA8) to energize a proton gra-
dient across the PAM91–93. These discoveries imply that the uptake and 
transport of Pi through the mycorrhizal uptake pathway is rigorously 
controlled, but the intricate regulation of these systems remains to be 
unravelled, as discussed below.

Transfer of nitrogen in arbuscular mycorrhizal symbiosis. Using 
physiological, molecular and omics approaches, various studies have 
identified at least three mycorrhizal N-uptake pathways in the soil–
AMF–roots continuum. First, the AMF NH4

+ transporters (GintAMT1 
and GintAMT3 from G. intraradices) on ERH can take up NH4

+ from 
the soil94,95. The NH4

+ is then assimilated into arginine through the 
glutamine synthetase–glutamate synthase (GS–GOGAT) pathway 
and transferred to IRH coupled with Poly-P (ref. 96). In arbuscules, 
NH4

+ is hydrolysed from arginine, exported from arbuscules to the 
PAS and imported into root cells via mycorrhizal-plant-inducible NH4

+ 
transporters (for example, LjAMT2;2, MtAMT2;4, maize (Zea mays) 
ZmAMT3;1 and Sorghum bicolor SbAMT3;1) that are localized on the 
PAMs97–100. Second, the NO3

− in soils might be acquired by the potential 
NO3

− transporter GiNT in G. intraradices101. A fraction of the NO3
− in ERH 

might be converted into NH4
+ by nitrate reductase and nitrite reduc-

tase102 and assimilated into glutamine via the GS–GOGAT pathway. 
NO3

− absorbed by ERH may also be directly translocated into IRH and 
arbuscules to be unloaded into the interfacial apoplasts. Subsequently, 
the PAM-localized NO3

− transporter OsNPF4.5 facilitates NO3
− transport 

into root cells103. Third, organic nitrogen in soils, such as amino acids 
and short peptides, might be acquired by R. irregularis RiPTR2 and 



Nature Reviews Microbiology

Review article

PHO91?

PD PD

C16:0-ACP

C16:0
FA

Plastid

ER

TAG

Urea

Arg

Glycogen

Vacuole

Organic N

Monosaccharide

Colonized 
root cell

Fungal cell

Bacterial cell

TCA
cycle

PhloemSucrose

C4:0-
ACP

Acetyl-
CoA

C16:0
β-MAG

C16:0
PA

Poly-P

Sus/INV

STR/STR2

FAT1/FAT2

AAP1/PTR2NTAMT1/3

VTC1/2/4

PT/PT1

ABCG ?MST2

SWEET1b

DIS

PPX1/
PPN1

Phosphatase

Fructose

RAM2

Hyphosphere 
interface

Peri-
arbuscular
interface

PT7

PT4/
PT11

PO4
–

PO4
–

NPF
4.5

NO3
–

AAPs/
NPFs

AAs/SPs

AMT2;2/
2;4/3;1

NH4
+

HA1/
HA8

PHO1?

H+

H+

• Glyoxylate cycle
• Gluconeogenesis

• Glycolysis pathway
• PP pathway
• TCA cycle

Plant nutrient
metabolism

Citrate
synthase

Acetyl-
CoA Pyruvate Glycolysis

pathway
α-oxoglutarate
dehydrogenase

Isocitrate
dehydrogenase

Phosphatase
metabolic 
pathway

Hydrolase 
metabolic 
pathway

Endobacteria

Sugars
Amino
acidsCarboxylates

FatM

Transporter Enzyme

C14:0
MA

Carbon
metabolism

Hydrolase

SWEET

SUT

SWEET

SUT

Organic P

NH4
+ NO3

– AAs/SPs



Nature Reviews Microbiology

Review article

Funneliformis mosseae (formerly known as Glomus mosseae) trans-
porters located in ERH104,105, transported into IRH and released into 
the PAS by yet-unidentified amino acid or short peptide transporters 
in arbuscules. Subsequently, the putative PAM-localized amino acid 
transporters and nitrate/peptide transporters mediate the import 
of amino acids or short peptides into cortical cells103,106. These find-
ings provide important insights into the transport mechanisms that 
underlie N acquisition via the mycorrhizal uptake pathway and reveal 
that the ability of AMF to act as a biofertilizer is not limited to the largely 
acknowledged process of Pi uptake.

Nutrient exchange in arbuscular mycorrhizae
A popular notion is that plants can reward the best AMF partners by 
providing them with more C (ref. 107); in return, their fungal part-
ners enhance cooperation by increasing the P supply to host plants 
that provide more C, indicating that resource exchange by plant and 
AMF partners ensures a ‘fair trade’ between partners108. A similar trade 
mechanism also regulates N flux during arbuscular mycorrhizal (AM) 
symbiosis109. The resource exchange also requires broader considera-
tion of the specific traits of AM symbiosis such as plant sink strength, 
resource exchange surpluses and environmental conditions110. These 
phenomena are explained by the biological market theory, which states 
that this trade enables individuals to provide what they can at lower 
cost in exchange for resources that would otherwise be impossible 
or more difficult to obtain111. Although the ecological impact of this 
metaphorical ‘biological market’ has been largely acknowledged, 
the molecular basis that underlies C–P exchange is less defined, as 
discussed below.

The regulation of carbon–phosphorus exchange at the 
peri-arbuscular interface
Phosphate starvation response (PHR) transcription factors are major 
regulators of phosphate starvation-induced (PSI) gene expression 
to increase Pi uptake via the root uptake pathway112. Two pioneering 
studies demonstrated that AM symbiosis is also regulated by the PHR2-
centred network113,114 (Fig. 3). In O. sativa, the transcriptional regula-
tory network of AM symbiosis consists of 266 transcription factors 
and 47 promoters of mycorrhiza-related genes that control Pi uptake 

by the root uptake pathway and/or mycorrhizal uptake pathway under 
different Pi levels113. Low Pi levels trigger OsPHR2 activity to directly 
bind to the P1BS (GNATATNC) elements in the promoter regions of 
PSI genes and symbiosis-related genes involved in AMF coloniza-
tion and development as well as nutrient exchange during symbiosis. 
Under high Pi conditions, Pi-sensing SPX domain-containing proteins 
inhibit the OsPHR2-mediated induction of symbiosis-related genes 
by binding to OsPHR2 and thus preventing its binding to the P1BS 
element115,116, resulting in the suppression of PSI gene expression as 
well as mycorrhizal colonization113,114. A similar SPX1–PHR module 
mediates the suppression of AM symbiosis in S. lycopersicum under 
high Pi conditions117.

Other recent studies have shown that the plant SPX–PHR module 
may be wired differently in different plants118. For example, overexpres-
sion of SPX genes in O. sativa reduced mycorrhizal colonization but 
did not influence arbuscule development113. This is consistent with the 
finding that Pi treatment inhibited new arbuscule development but 
not arbuscule maintenance in mycorrhizal O. sativa roots119. However, 
overexpression of MtSPX1 and MtSPX3 in M. truncatula induced the 
premature degeneration of arbuscules, whereas knockout of MtSPX1 
and MtSPX3 decreased the level of mycorrhizal colonization but 
increased the abundance of mature arbuscules118. Therefore, in con-
trast to O. sativa, MtSPX1 and MtSPX3 in M. truncatula positively affect 
the early stages of mycorrhizal colonization. Other studies revealed 
distinct patterns of PHR2-mediated regulation of gene expression 
in mycorrhizal roots of M. truncatula and O. sativa: MtPHR2 expres-
sion was weakly detected in mycorrhizal roots during symbiosis, 
whereas OsPHR2 was highly induced in the arbuscule-containing cells 
of roots; in addition, MtSPX1 and MtSPX3 were highly expressed in 
arbuscule-containing cells, whereas SPX induction was not detected 
in mycorrhizal O. sativa roots113,118.

How do we explain these differences in the SPX–PHR2 module? 
Besides containing P1BS elements, many symbiosis-induced genes 
also harbour a MYC element (CTTC motif, NTTCTTGTTN) and/or AW 
boxes (CG(N)7CNANG) in their promoter regions that are bound by 
WRINKLED1-like (WRI) transcription factors120–123. Genomic analysis sug-
gested a strong correlation between the presence of the P1BS and MYC 
cis-acting elements in the promoters of mycorrhiza-inducible genes 

Fig. 2 | Carbon and mineral flows in the plant–arbuscular mycorrhizal 
fungus–bacterium continuum. Sucrose biosynthesized by plant mesophyll 
cells is unloaded from the phloem into root cells through the symplastic and 
apoplastic pathways. Here, sucrose is hydrolysed to monosaccharides for the 
biosynthesis of long-chain fatty acids (myristic acid (MA), palmitic acid (PA) and 
β-monoacylglycerols (β-MAGs)). Subsequently, plant-derived fatty acids (FAs) 
and monosaccharides are transported to arbuscular mycorrhizal fungi (AMF) 
through the two membranes (the plant peri-arbuscular membrane and the fungal 
arbuscular membrane) for multiple types of carbon (C) metabolism. Fatty acids 
are first converted into triacylglycerols (TAGs) and then enter the glyoxylate 
cycle and gluconeogenesis pathway to be degraded into small molecules. The 
resulting sugars, amino acids and carboxylates can be used as C and energy 
sources for the growth and development of endobacteria and hyphospheric 
bacteria. Fructose functions as a signal to stimulate the hyphospheric bacterial 
phosphatase metabolic pathway, accelerating the mineralization of organic 
phosphorus. The hydrolase produced by the hydrolase metabolic pathway 
can promote the conversion of organic nitrogen into inorganic nitrogen. 
The nutrients can be absorbed by AMF and transported to the arbuscules 
over long distances, where they will then enter plant root cells through the 
two membranes for multiple types of nutrient metabolism. The following 

transporters and enzymes participate in the transport of C and nutrients in the 
continuum: amino acid (AA) transporters (AAP1 and AAPs); ATP-binding cassette 
G-type transporter (ABCG); acyl carrier protein (ACP); ammonium transporters 
(AMT1, AMT3, AMT2;2, AMT2;4 and AMT3;1); β-keto-acyl carrier protein synthase I  
(DIS); acyl-acyl carrier protein thioesterase (FatM); fatty acid transporters 
(FAT1 and FAT2); H+-ATPases (HA1 and HA8); invertase (INV); monosaccharide 
transporter MST2; nitrate transporters (NT and NPF4.5); SYG1–Pho81–XPR1 
(SPX) domain-containing phosphate transporters (PHO1 and PHO91); AMF 
exopolyphosphatases (PPX1 and PPN1); phosphate transporters (PT, PT1, PT4, 
PT7 and PT11); short peptide transporters (PTR2 and NPFs); glycerol-3-phosphate 
acyltransferase (RAM2); heterodimeric half-size ABCG transporters (STR and 
STR2); reversible sucrose synthase (Sus); sucrose uptake transporter (SUT); 
sugars will eventually be exported transporters (SWEET and SWEET1b); TAGs; 
vacuolar transporter chaperon (VTC) complex (VTC1, VTC2 and VTC4). The 
solid line represents the currently identified metabolic pathway, and the dotted 
line needs further verification. Transporters marked with question marks have 
not been functionally verified, and unmarked transporters are unknown. ER, 
endoplasmic reticulum; PD, plasmodesmata; PP pathway, pentose phosphate 
pathway; Poly-P, polyphosphate; SP, short peptide; TCA cycle, tricarboxylic 
acid cycle.
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from dicots. Moreover, promoter deletion revealed that both motifs 
were required for the expression of mycorrhiza-activated Pi transporter 

genes in dicot species120. Surprisingly, OsPT11 in O. sativa does not 
contain the canonical MYC element in its promoter, whereas in potato 
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Fig. 3 | Molecular mechanisms regulating carbon 
and mineral exchange in the plant–arbuscular 
mycorrhizal fungus–bacterium continuum. 
In mycorrhizal plants, monocots and dicots 
have different regulatory models for carbon (C) 
and mineral exchange. The regulatory network 
centred on the SYG1–Pho81–XPR1 domain (SPX) 
domain–PHR2 transcription factor module exists 
in both monocots and dicots. PHR2 directly binds 
to the P1BS elements in the promoter regions 
of phosphate starvation-induced genes and 
symbiosis-related genes, such as RAM1, PT11, 
WRI5a and AMT3;1. In dicots, the WRINKLED1-
like (WRI) regulatory pathway can induce the 
expression of genes involved in bidirectional C and 
inorganic phosphate (Pi) exchange and symbiosis-
related genes, such as STR, PT4, HA1 and RAM2, by 
binding to the CTTC elements and/or AW boxes 
in their promoters. In arbuscular mycorrhizal 
fungi (AMF), SPX domain-containing proteins 
in the PHO pathway are master regulators of Pi 
homeostasis, and the PHO4-centred regulatory 
hub binds to the CACGTK cis-element to regulate 
the expression of fungal genes involved in Pi 
homeostasis. The bacterial two-component 
signal transduction system, which is used to sense 
external stimuli and environmental changes, 
consists of a sensor histidine protein kinase (HPK) 
and a cognate response regulator (RR). When 
bacteria sense external stimuli, the HPK catalyses 
an autophosphorylation reaction on a histidine 
residue (His), producing a high-energy phosphoryl 
group (P), which is then transferred to the RR 
aspartic acid residue (Asp). Phosphorylated RR 
recognizes and specifically binds to its target DNA 
sites, activating or repressing the transcription 
of genes, thereby leading to a specific metabolic 
response. InsP, inositol polyphosphate; β-MAG, 
β-monoacylglycerol; mono, monosaccharide.
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(Solanum tuberosum), L. japonicus and M. truncatula, both P1BS and MYC 
elements occur in the mycorrhiza-inducible Pi transporter genes StPT3, 
LjPT3, LjPT4 and MtPT4 (refs. 120,121,124). Nevertheless, only the MYC 
element was found to be essential for the expression of these genes121.

P1BS elements located next to MYC or AW elements are conserved 
in genes that are induced in arbuscule-containing cells. In Arabidopsis 
(Arabidopsis thaliana), PHR transcription factors enhance the chro-
matin accessibility of the target genes125. Therefore, PHRs may poten-
tiate the symbiotic activation of these genes by WRI transcription 
factors. Notably, WRI transcription factors also directly regulate lipid 
exchange from the liverwort Marchantia paleacea to AMF, pointing 
to an evolutionarily conserved role of these transcription factors126. 
AW boxes also exist in the promoters of PHR and Pi transporter genes 
in O. sativa, suggesting that OsPHRs may also be directly regulated by 
WRI transcription factors. However, their contribution to the regula-
tion of genes involved in Pi signalling and transport in mycorrhizal roots 
remains to be further studied.

These studies raise the question of whether the master regulators 
WRI transcription factors (M. paleacea MpaWRI, MtWRI5a, LjCBX1, 
OsWRI5a) also act as hubs to control the bidirectional exchange of C 
and Pi at the symbiotic interface. There is good evidence that the WRI 
transcription factors in L. japonicus and M. truncatula function as 
master regulators of mycorrhiza-inducible genes involved in fatty acid 
biosynthesis and Pi uptake in arbuscule-containing cells. For example, 
MtWRI5a in M. truncatula directly induces the expression of STR and 
MtPT4 by binding to the AW boxes in their promoters122, suggesting 
that a WRI transcription factor in dicots regulates the bidirectional 
exchange of C and Pi during AM symbiosis123. WRI gene expression is 
thought to be controlled via the common symbiotic signalling path-
way. However, whether the WRI transcription factors can also regulate 
the nutrient exchange and arbuscule development in response to 
host-derived C signals remains to be studied in future.

Phosphate homeostasis inside the hyphae of AMF regulates 
carbon–phosphorus exchange
Although the host plant regulates C and P exchange, AMF can also 
orchestrate Pi acquisition and transport during symbiosis. A method 
to visualize Pi using fluorescent quantum-dot nanoparticles of differ-
ent colours was used to examine this process based on the resource 
exchange strategy127–129. Using this method, AMF were shown to control 
Pi transfer during trade with the host plant when Pi availability in the 
hyphal network suddenly changed. If the hyphal network was exposed 
to a Pi surge, AMF would store the surplus Pi instead of immediately 
trading it, until the plant demand for Pi increased, thereby increasing 
the ‘value’ of the Pi. If Pi availability plummeted, AMF redistributed the 
Pi in the hyphal network, transferring it from alternative pools closer to 
the roots for trade with Pi-starved plants128. As the hyphal network can 
link different host plants within its growth zone, this trade preferentially 
occurred with host plants that showed a higher demand for Pi (ref. 129). 
These descriptions of the biological market in the hyphal network once 
again open the question of the molecular basis that underlies such 
fungal–plant trade networks.

Many mechanisms that collectively maintain Pi homeostasis have 
been put forward to explain Pi transport and redistribution inside the 
hyphae of AMF (Fig. 3). Among these, SPX domain-containing proteins 
in the phosphate-responsive signalling (PHO) pathway are thought to 
be master regulators of Pi homeostasis in AMF. These proteins include 
Pi signalling proteins, low-affinity Pi transporters, Poly-P synthesis-
associated proteins and proteins involved in scavenging Pi (refs. 70,81). 

The genes that encode these proteins are actively regulated by the 
key transcription factor Pho4 and its cofactor Pho2 (refs. 76,130,131). 
At least 12 core components involved in the PHO pathway are likely 
evolutionarily conserved132. In R. irregularis, RiPho4 is substantially 
upregulated by P starvation. RiPho4 coordinates Pi acquisition and 
homeostasis in AMF by regulating the downstream components (RiPTs, 
RiALP, RiACP and RiPPX1) of the PHO pathway and orchestrates arbus-
cule development during AM symbiosis131. In recent years, the crystal 
structures of SPX domains have been characterized. The core of the SPX 
domain consists of helical bundles that provide a positively charged 
ligand-binding surface for inositol polyphosphates (InsPs)133,134. InsPs 
can communicate cytosolic Pi levels to the SPX domains and induce 
them to interact with a multitude of proteins to perform their roles in 
regulating Pi levels135–137. However, whether the SPX domain-containing 
proteins in AMF also possess similar binding affinities for InsPs to sense 
hyphal Pi concentrations remains unclear.

Various hypotheses have been raised to explain how land plants 
and the Glomeromycotina have maintained their interaction, which 
occurs in 72% of land plants and dates back to 470 million years ago138. 
According to the luxury resource exchange hypothesis, C–P exchanges 
could be regulated by the amount of available resources in the two 
partners: plants do not allow AMF colonization when the environmen-
tal Pi is high113,114, whereas the AMF does not release Pi to the plant when 
it needs the P that it has taken up76,81. Some lines of evidence suggest 
a regulatory role for the Pho4-CACGTK cis-acting element module in 
AMF76,131,132. Under Pi-limited conditions, the transcription factor Pho4 
is transported from the cytoplasm into the nucleus where it binds to 
the CACGTK elements in its target genes131. Arbuscule development in 
RiPho4-RNA interference lines was substantially inhibited under low Pi 
conditions, and RiPho4 was shown to positively regulate Pi transporter 
genes of the PHO pathway from R. irregularis131. Genome-wide analy-
sis revealed CACGTK elements in the promoters of 106 genes from 
R. irregularis with predicted functions in the transport and metabolism 
of Pi, sugars and lipids132, such as genes that might be related to β-MAGs 
(C14:0 and C16:0) and monosaccharide transport, including RiMST2 
and RiABCG37,49. Furthermore, in silico analysis predicted that 67% of 
AMF transcription factor-encoding genes in R. irregularis could be 
directly regulated by RiPho4, suggesting that RiPho4 functions as a 
central regulatory hub131. Several key node genes directly controlled by 
RiPho4 were also identified in R. irregularis, such as genes that function 
in response to drought-stress signalling, including RiMsn2 (encoding 
a C2H2 zinc finger transcriptional activator) and RiHog1 (encoding a 
high-osmolarity glycerol 1 MAPK)139,140. Despite these findings, we lack 
conclusive evidence that can clarify whether Pho4 functions as a hub 
for integration of C and Pi nutrient exchange during symbiosis in AMF 
under Pi starvation. However, this molecular context recalls the PHR 
regulatory system identified in the host plant. These recent findings 
suggest a possible scenario in which both plants and AMF perceive 
environmental factors (such as Pi availability) through integrated dual 
regulatory systems that enable the success of AM symbiosis.

The effects of AMF-associated bacteria on carbon–
phosphorus exchange in arbuscular mycorrhizae
In the PFB continuum, hyphospheric bacteria and endobacteria con-
sume plant-derived C for their growth and metabolism, and in return, 
these bacteria provide benefits to the AMF. However, our knowledge 
of the direct or indirect effects of AMF-associated bacteria on the 
host plant is scant, and experimental evidence of how AMF actively 
regulate the metabolic profiles of their host plants, depending on the 
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presence or absence of their associated bacteria, is limited to a few 
examples24,141. One such example showed that the presence of R. aqua-
tilis in the hyphosphere of R. irregularis may enhance C and P exchange 
between the plant and its mycorrhizal partner. Specifically, the expres-
sion of genes encoding AMF Pi transporters (for example, RiPT7 and  
RiPHO91), as well as plant genes involved in lipid biosynthesis 
and transport (for example, FatM, RAM2 and STR), substantially 
increased in the presence of hyphospheric R. aquatilis, which ulti-
mately promoted the formation and development of AM symbiosis24. 
In another example, the availability of two isogenic lines of G. margarita 
(one with an endobacterium and the other without) enabled research-
ers to compare the metabolism of L. japonicus upon mycorrhization 
with the two fungal isogenic lines. This comparison revealed that the 
presence of the endobacterium, Candidatus Glomeribacter gigaspo-
rarum (CaGg), has a strong effect on mycorrhizal plants (Fig. 4). Plant 
respiration and lipid biosynthesis were negatively affected by the 
absence of the endobacterium. These included proteins involved in 
the metabolic pathway that produces β-MAGs, such as FabZ, which 
functions upstream of the key lipid biosynthetic enzyme FatM. More  
importantly, the activity of the arbuscular mycorrhizal-inducible 

gene LjPT4, a marker of mycorrhizal functionality in plants that ena-
bles the transfer of Pi from the fungus to the plant cell, was upregu-
lated in the B+ line, that is, in the presence of the bacterium141. Taken 
together, these findings demonstrate that the presence of the hyphos-
pheric R. irregularis or endobacterium CaGg has a positive impact on 
the exchange of nutrients between the fungus and the host plant. It 
seems that the market theory also helps to explain the interactions of 
AMF with their hyphospheric bacteria and endobacteria, prompting 
the question of whether this can be confirmed for other tri-kingdom 
interactions.

The molecular basis of nutrient trade between 
AMF and associated bacteria
Even though AMF expand the range of nutrient uptake for plants, owing 
to the limited saprotrophic capability of AMF, they cannot exploit many 
mineral nutrients that occur in organic form or are complexed with 
metal ions. AMF have to rely on soil bacteria that can exploit many dif-
ferent substrates142,143. Many recent studies have demonstrated that, 
indeed, AMF may interact with soil bacteria to obtain nutrients 
that ultimately are exchanged for C with the host plant.
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Fig. 4 | The bacteria living inside the AMF 
cytoplasm. a,b, The endobacteria detected 
in arbuscular mycorrhizal fungi (AMF) of the 
Glomeromycotina belong to two typologies 
with a coccoid and rod shape, respectively. 
The first group comprises Mycoplasma-related 
endobacteria (MRE), and the second group 
comprises Burkholderia-related endobacteria 
(BRE). a, Transmission electron microscopy of 
an MRE-type endobacterium detected in the 
cytoplasm of an arbuscular mycorrhizal fungus 
that colonizes the liverwort Conocephalum. 
b, An intracellular hypha of Gigaspora margarita 
colonizing a clover root, which contains many 
Candidatus Glomeribacter gigasporarum 
bacteria living inside vacuole-like structures. 
The rod-shaped BREs were cut longitudinally. 
c,d, Illustrations of the two spore typologies; 
electron microscopy reveals a dividing MRE 
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negative cell wall (part d). e,f, The development 
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and relevant molecular differences141, both fungal 
isogenic lines efficiently colonize Lotus japonicus 
roots. PAM, peri-arbuscular membrane, which 
surrounds the fungal branch. Ar, arbuscule. 
Bars indicate the magnification of the electron 
micrographs. Part a adapted with permission 
from ref. 163, Wiley. Parts b, c and d provided by 
P. Bonfante. Parts e and f are adapted from ref. 141, 
CC BY 4.0 (https://creativecommons.org/licenses/
by/4.0/).

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
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Carbon and mineral exchange between AMF and 
hyphospheric bacteria
AMF release C-rich compounds to the soil in the form of hyphal exu-
dates9,13,28, such as sugars, amino acids and carboxylates. However, 
a deeper understanding of the trade-off between AMF and hyphospheric 
bacteria will require us to determine whether these hyphal exudates  
are released to attract beneficial bacteria. Intriguingly, some data  
have suggested that AMF rapidly distribute newly assimilated plant C 
to hyphospheric bacteria and that hyphal ‘exudation’ is not a purely 
passive-loss process144.

In this context, the cooperation between AMF and phosphate-
solubilizing bacteria has become a hot topic. Hyphal exudates can 
induce phosphate-solubilizing bacteria to mineralize Po in the soil9,28. 
In the phosphate-solubilizing bacterium R. aquatilis, the expression of 
phosphatase- and glucose dehydrogenase-encoding genes was shown 
to be regulated by two-component signalling systems that recognize 
and respond to hyphal exudates145 (Fig. 3). The increased expression of 
these genes leads to the secretion of more phosphatases and gluconic 
acids into the hyphosphere, which in turn enhance the solubilization 
of non-soluble Pi and the mineralization of Po, ultimately improving 
P-utilization efficiency in the AMF24. However, the C- and P-dominated  
interactions between AMF and soil bacteria depend on background Pi 
availability. Upon extremely low soil Pi availability, the bacteria compete 

with AMF for Pi nutrients and can inhibit hyphal growth; when the level 
of available Pi in the soil gradually increases (from 5 to 10 mg P per 
kilogram), the bacteria facilitate Pi acquisition by AMF and increase 
hyphal length density28, indicating that they improve the benefits of 
AMF under such relatively low Pi conditions. In fact, the stoichiometric 
ratio of soil minerals can profoundly affect C and mineral exchange 
between the AMF and hyphospheric bacteria, as well as between the 
AMF and the plant host. However, how C:P ratios, or even C:N and 
N:P ratios, in the hyphosphere or rhizosphere influence nutrient 
exchange and regulation in all members of the PFB continuum remains 
unclear, and these limitations are open avenues for future research.

AMF hyphae do not benefit all bacteria in the hyphosphere; indeed, 
they can inhibit the growth of some bacterial species, such as certain 
Betaproteobacteria64,146. By contrast, beneficial bacteria usually have 
positive effects on AMF fitness64,147. These observations suggest that 
AMF may select specific bacteria with which to cooperate. In other 
words, AMF can efficiently utilize plant-derived C to shape the hyphos-
pheric bacterial community and select specific functional bacteria to 
compensate for their limited saprotrophic capability, thus forming a 
core microbiome19. The P turnover functional profiles of these core 
bacterial community members are regulated by hyphal exudates and 
significantly increase soil phosphatase activity, accelerating in situ 
mineralization of soil Po in the field19,72,148. Paenibacillus sp. that attach to 

Box 3 | Potential applications of AMF in agriculture
 

To be sustainable, agriculture must produce sufficient amounts 
of high-quality food globally while using environmentally friendly 
technologies to reduce the input of chemical fertilizers and 
pesticides. Arbuscular mycorrhizal fungi (AMF) have been shown 
to increase yields in many cereal and tuber crops, such as wheat 
(Triticum aestivum), maize (Zea mays), rice (Oryza sativa), potato 
(Solanum tuberosum) and tomato (Solanum lycopersicum), while 
reducing the need for chemical fertilization and pesticides186,187.

AMF–plant symbiosis might also be used as an eco-friendly 
approach to increase the quality of medicinal and aromatic plants in 
sustainable agriculture. Indeed, inoculating medicinal and aromatic 
plants with AMF directly enhanced plant secondary metabolite 
production by improving photosynthetic capacity188,189. In addition, 
AMF may be useful in mitigation of heavy metal phytotoxicity; AMF-
assisted phytoremediation might represent an environmentally 
friendly, cost-effective strategy to remove heavy metals from the 
environment190.

Factors such as the intensification of agriculture, low crop diversity, 
high nutrient inputs and high tillage frequency limit the establishment 
of AM symbiosis and the successful application of AMF in agricultural 
ecosystems191,192. The host genotype can also directly influence AM 
symbiosis193, and crop plants vary in their responsiveness to different 
AMF owing to their physiology and morphology194. Polyculture fields 
have richer and more diverse AMF communities than monoculture 
fields195. Indeed, in agricultural ecosystems in which crops are 
subjected to intense P fertilization, mycorrhizal colonization is 
often inhibited, reducing the nutritional benefits of the symbiosis196. 
As domestication could have altered the regulation of nutrient 
trafficking in mycorrhizal crops197, perhaps wild relatives could 
function as genetic resources to overcome such an obstacle.

In addition to the challenges posed by standard agricultural 
practices, the successful application of AMF in agriculture still faces 
technical challenges. First, it is difficult to produce AMF inoculum 
on a large scale owing to the obligate biotrophic nature of the AMF. 
Based on the fatty acid theory40,41, several pure-culture approaches 
have recently been reported52,53,198. For example, supplying AMF 
with myristate, plant hormones and organic nitrogen induced the 
production of colonization-competent pure spores in asymbiotic 
cultures53. Second, different strains may be required to fully realize 
the potential of AMF in different crop systems based on plant 
and AMF genotypes, colonization ability, inter- and intra-species 
diversity, and symbiotic efficiency. Third, understanding the factors 
that influence the function of AMF and AMF-associated bacteria 
and the measures that may enhance their interactions is crucial for 
the successful deployment of AMF bio-inoculants in agricultural 
ecosystems17. Some stable bacterial types are shared by different 
AMF taxa and in different soil types. These stable bacterial types may 
support AMF colonization by promoting pre-symbiotic processes 
such as sporulation, germination, hyphal growth and branching, 
thereby improving the effectiveness of bio-inoculants in soil17. 
In addition, the application of biostimulants (for example, chito-
oligosaccharides) can also promote symbiotic development, increase 
AMF colonization efficiency and improve plant species evenness 
and productivity199. To date, there are only a few commercially 
available and useful AMF bio-inoculants and no quality management 
framework and global quality standards. Understanding plant–
AMF–bacterial interactions and developing effective protocols and 
standards are expected to make AMF-based bio-inoculants a reliable 
part of sustainable agriculture in the future200.
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the surfaces of AMF spore cell walls are capable of degrading cellulose 
and chitin by producing the corresponding degradative enzymes149, 
enhancing the acquisition of soil organic nitrogen (No). The presence 
of the protist Polysphondylium pallidum along with Paenibacillus sp. in 
the No zone was found to accelerate chitin decomposition10. In addition 
to mineralizing organic nutrients, some hyphospheric bacteria also 
contain nifH genes to help AMF benefit from biological N fixation150. 
Although the number of studies exploring the hyphospheric micro-
biota in diverse environments is increasing, the molecular dialogue 
between AMF and their hyphospheric bacteria is still largely unknown 
and will require novel, refined metabolomic analyses.

Crosstalk between endobacteria and AMF
Starting in the 1970s, microscopic observations revealed the pres-
ence of endobacteria living inside the cytoplasm of many AMF iso-
lates151. Molecular tools, including 16S rDNA sequencing, identified 
two endobacterial groups. The first group, comprising rod-shaped 
bacteria located inside fungal vacuoles, is related to Burkholderia 
(Burkholderia-related endobacteria, BRE) and one of the strains has 
been identified as CaGg152. The second group, which is related to Myco-
plasmataceae (Mycoplasma-related endobacteria, MRE), reside in 
the cytoplasm of AMF and have a coccoid structure153; one isolate 
has been named Candidatus Moeniiplasma glomeromycotorum 
(CaMg) (Fig. 4). Whereas BRE seem to be restricted to Gigasporales, 
MRE have been detected in phylogenetically distinct AMF lineages, 
revealing a wider diversity. Both endobacterial groups are presumed 
to be transmitted vertically from spores to progeny154 and can coex-
ist, forming an intracellular microbiome of AMF. BRE and MRE have 
smaller genomes (approximately 2 Mb and 0.7–1.3 Mb, respectively) 
and substantially lower metabolic capacities than their free-living 
relatives155–157. Notably, closely related BRE and MRE have been found 
in other Mucoromycota (Mortierellomycotina and Mucoromycotina), 
suggesting that they might represent a signature for the evolution of 
this ancient fungal phylum8,158.

The development of a G. margarita line devoid of endobacteria 
(that is, cured line159) enabled functional studies on the fungal–
endobacterial association by comparing fungal behaviour in an 
isogenic background with and without endosymbionts (Fig. 4). This 
approach demonstrated that endobacteria depend on C and energy 
provided by AMF, which are also a source of amino acids and mineral 
nutrients. Evidence suggests that CaGg also utilizes mineral nutrients 
from the host fungus, as a large set of proteins involved in Pi and zinc 
uptake was identified in its genome155. By contrast, endobacteria affect 
the development and metabolism of their fungal hosts45,160. CaGg pro-
moted hyphal elongation and branching, and its presence substantially 
affected the expression of approximately 25% of G. margarita genes45, 
strongly impacting its lipid profile161. A study that combined transcrip-
tomics with cell biological and physiological analyses revealed that 
CaGg improves the ecological fitness of its fungal host, increasing 
ATP production and eliciting mechanisms to detoxify reactive oxygen  
species160. A study using high-resolution secondary ion mass spec-
trometry (coupled to electron microscopy) revealed the C flow along 
the plant–AMF–endobacterium continuum: C flows from the plant to 
G. margarita strain MAFF520054, which hosts both BRE and MRE162. The 
AMF seemed to provide more C to MRE than to BRE162. This observation 
is in line with the suggestion that MRE act as weak parasites that are 
more opportunistic than BRE. However, as attempts to clear MRE in 
AMF have been unsuccessful, the interaction of MRE with their hosts 
cannot yet be identified as mutualistic or parasitic158.

Conclusions and future prospects
The PFB continuum represents a complex, multi-layered and still enig-
matic type of tri-kingdom interaction. The exchange and regulation of C 
and minerals is at the heart of this continuum, which, in addition to the 
dynamics of the three partners, is also continuously subjected to other 
abiotic and biotic environmental factors. AMF and their associated 
bacteria have great potential for use in maintaining soil fertility, plant 
productivity and health; they may replace chemical fertilizers to some 
extent and become a key factor in sustainable agriculture (Box 3). More 
studies of these complex below-ground interactions are needed, as the 
role of bacteria as a relevant factor for successful mycorrhization has 
rarely been considered. The impact of C flow from plants to mycorrhizal 
fungi on the global C pool has recently been demonstrated29, but the 
reported results can change when the associated bacterial communities 
are considered. Below, we propose some questions to be addressed to 
better understand the communications across the three kingdoms.
1. To what extent do AMF-associated bacteria reinforce the root sink 

demand for plant C, and how does the tripartite interaction affect 
the C and nutrient fluxes in the whole system?

2. �Are hyphosphere bacteria or endobacteria capable of directly 
interacting with plants, or are their responses solely mediated 
by the arbuscular mycorrhizal fungus? What are the mechanisms 
behind this? How can we discriminate between a direct and an 
indirect response?

3. �In the case of the L. japonicus, G. margarita and CaGg interaction, 
the main fungal responses to the endobacterium (mitochondrial 
activity, respiration, antioxidant activity) were similar to those 
found in the plant. This raises the question of whether (and which) 
signalling molecules released by bacteria and AMF elicit common 
responses in their respective hosts, AMF and plants, respectively.

4. �Does Pho4 in AMF serve as a signalling hub for the exchange of C 
(such as soluble sugars and fatty acids), mineral nutrients (such as 
P and N) and water in the bacteria–AMF–roots continuum during P 
starvation? Is C and nutrient exchange between ERH and soil bac-
teria that occurs in the hyphosphere interface regulated by other 
transcription factors in AMF?

5. �Is there a dual regulatory system (the host-derived PHR2 versus 
the arbuscular mycorrhizal fungus-derived Pho4) to simultane-
ously coordinate the exchange of C and mineral nutrients across 
the three kingdoms?

6. �In the PFB continuum, are there signalling molecules that enhance 
the exchange of C for minerals and trigger regulatory mechanisms?

7. �Can plant-derived fatty acids as ‘hard currency’ be directly 
exuded by ERH and then absorbed by hyphospheric bacteria? Are 
there other fates (secondary metabolism) for fatty acids in AMF, 
in addition to participating in C storage and metabolism?

8. �How do soil bacteria recognize AMF signals and successfully 
colonize the hyphosphere? Does a specific molecular dialogue 
between AMF and hyphospheric bacteria elicit mycorrhization?

9. �Can new technologies and approaches (for example, single-cell 
sequencing and spatial transcriptomics) shed light on the pro-
cesses by which the tri-kingdom symbiosis is established and the 
mechanisms of dynamic interactions in the PFB continuum?

The answers to these questions can help to reveal the mechanisms 
of cross-kingdom interactions and their profound impact on terrestrial 
ecosystems.

Published online: xx xx xxxx
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