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ABSTRACT

Plants have evolved various belowground traits to adapt to the changing environments, and root-
associated soil microbes play a crucial role in the response, adaptation, and resilience to adverse
environmental conditions. This comprehensive review explores the diverse interactions between
plants and soil microbes, focusing on the role of root-associated microbiota, with a particular
emphasis on arbuscular mycorrhizal fungi, in plant responses to diverse environmental conditions.
How plant genotype, root traits, and growth environments influence these interactions, and
consequently plant resilience and productivity, are discussed. Recent advances in root
phenotyping, including traditional and machine learning-based methods are also presented as an
innovative tool to study and characterize root-microbe interactions. Overall, these studies highlight
the importance of considering the hidden side of the interactions between roots and microbes to
improve plant nutrition and protection in the context of sustainable agriculture in the face of
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climate change.

Highlights

e Roots and associated microbes are relevant for improving plant nutrition and tolerance
* AM symbiosis plays a role in plant responses to environmental stresses
» Root phenotyping could represent an innovative tool to study root-microbe interactions

1. Introduction

Global climate change is predicted to alter environmental
variables in an unprecedented manner, exacerbating soil
degradation and affecting crop performance and pro-
ductivity (Grayson 2013; Lynch et al. 2021). In several Euro-
pean countries, the simultaneous incidence of high average
temperatures and water scarcity due to reduced rainfall are
predicted to be the predominant adverse conditions accord-
ing to the predictions (Moriondo et al. 2011). Together with
drought, salinity and nutritional stresses are among the
major threats that adversely affect plant growth and pro-
ductivity (Lesk et al. 2016). Flood events also affect natural
vegetation and crops, resulting in low O, status in root tis-
sues during waterlogging, but also in shoots when plants
are completely submerged (Pedersen et al. 2017). To adapt
to these challenges, plants have developed a variety of
below-ground traits to access and efficiently uptake the avail-
able resources present in the soil (Freschet et al. 2018; Fon-
taine et al. 2023), and to mitigate the negative effects of
abiotic factors such as drought, salinity, and flooding events
on their growth and productivity. These below-ground traits
encompass the structure and function of roots, which are
defined as the parts of a plant that attaches it to the ground
or to a support, typically underground, conveying water and
nourishment to the rest of the plant via numerous branches
and fibers (Oxford English Dictionary). Roots are, indeed,

responsible for nutrient uptake and assimilation from the
soil, although this process is not yet fully understood.
Although several efforts have been devoted to develop several
approaches for achieving more stress-tolerant and climate-
flexible crops (Gonzalez Guzman et al. 2021), the valoriza-
tion of a root trait, or a combination of traits, to optimize
the resilience to environmental stresses has been overlooked.
In addition to plant genotype, environmental factors such as
nutrient and water availability, and the plant’s capacity to
efficiently use soil resources, have a significant impact on
plant growth under stress conditions. Improving crop pro-
ductivity is directly dependent on an efficient root system,
and identifying plant genotypes harboring root traits associ-
ated with better adaptations to a certain stress is one of the
strategies being pursued by researchers and breeders
(Lynch 2013). Architectural, anatomical, and physiological
root traits are among the relevant traits for plant response
and resilience to environmental changes (Nerva et al
2022). Natural selection favors plants that drive root activity
to optimally utilize the resources that are heterogenously dis-
tributed in soils. In addition, the ability of roots to interact
with soil biota is also crucial for nutrient uptake from the
soil (Galindo-Castanieda et al. 2022). Phenotypic plasticity
is the ability of an organism to change its phenotype in
response to diverse environmental conditions (Sultan
2000). It is worth noting that the plasticity of the root systems
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allows plants to adapt to a range of biotic and abiotic con-
straints that limit plant productivity (Schneider and Lynch
2020), and root-associated soil microbes play a fundamental
role in adapting to adverse environmental conditions (Hou
et al. 2021; Mesny et al. 2023). Different microbial functions,
i.e. nutrient uptake, nitrogen cycle, and phosphorus solubil-
ization, might act synergistically if properly associated with
promising plant root genotypes (Galindo-Castafieda et al.
2022).

In this review, critical factors of the relationships among
soil microbes, roots, and environmental conditions are intro-
duced and discussed. These include the recruitment of
microbes in stressed environments, a focus on the establish-
ment and functioning of the arbuscular mycorrhizal (AM)
symbiosis, particularly under abiotic stress conditions, and
the significant role of root phenotyping techniques in advan-
cing our understanding of plant-microbe interactions.

2. Microbe recruitment in stressed environments

It is now recognized that plant health can be conditioned by
the diversity and structure of microbial communities associ-
ated with the holobiont (Bettenfeld et al. 2022). The compo-
sition and the diversity of microbial communities of the
holobiont are different in plant organs (e.g. roots, shoots),
but the soil is the main reservoir for the assemblage of
plant organ microbiota (de Souza et al. 2016). Given the
importance of soil nutrients for plant growth, we will focus
on the root-associated microbiota present within, on the sur-
face, and in the vicinity of the root (rhizosphere). The root
exudates released by the roots vary considerably depending
on the plant stage and species, but also among genotypes
of the same species. They represent a source of carbon for
the root-associated microbes, making the rhizosphere, i.e.
the thin layer of soil surrounding plant roots, enriched in
nutrients compared to the surrounding soil and more suit-
able for bacteria and fungi collectively quoted as the rhizo-
sphere microbiota (Escudero-Martinez and Bulgarelli
2019). Indeed, it is well known that plant roots release a
wide range of chemical compounds to recruit microbes
from the rhizosphere (Huang et al. 2014). These root exu-
dates moderate rhizospheric and multitrophic interactions
at the species and at the community level (Sun et al. 2021;
Wen et al. 2022). Root-associated microbes then influence
plant health and growth through various mechanisms
(Huang et al. 2014). Beneficial microbes living in the rhizo-
sphere and in the root tissues (as endophytes) activate
stress-protective pathways that help plants to alleviate the
negative impact of environmental stresses, promoting sev-
eral, and combined mechanisms that restrain the deleterious
effects due to stress conditions. The chemistry in the rhizo-
sphere is crucial for the selection of symbiotic associations.
The metabolites released by the roots can play different
roles: i.e. nutrients consumed by specific microbes, antimi-
crobial compounds produced against putatively pathogenic
microbes, and signals to attract specific microbes (Thoms
et al. 2021). Plants have the ability to actively modify the rela-
tive abundance of specific compounds in the exudates,
thereby further acting on the composition of microbial com-
munities in the rhizosphere (Zhalnina et al. 2018). Changes
in microbial communities can impact plant phenology, influ-
ence the timing of plant flowering, and potentially increase
reproductive fitness (Lu et al. 2018). The role of plant

genotype on the interactions with soil microbial commu-
nities has been studied in various crops, such as barley (Bul-
garelli et al. 2013, 2015), common bean (Pérez-Jaramillo et al.
2017, 2019), and maize (Schmidt et al. 2016). For example,
higher recruitment of plant growth-promoting bacteria by
ancient wheat varieties compared to modern and improved
wheat varieties has been observed (Valente et al. 2020; Yue
et al. 2023). The effects of plant domestication on the chemi-
cal diversity of the rhizosphere have been reported by Ian-
nucci et al. (2017). This work supported the hypothesis
that root exudates, which are affected by the genotype and
by the genotype-by-environment interaction such as the
soil type, maintain and support a great specific microbial
diversity in the rhizosphere associated with any type of
plant species. Consistent with the genomic evidence for bar-
ley domestication shown by Bulgarelli et al. (2015), data on
root metabolites in wild emmer, domesticated emmer, and
modern durum wheat suggested that selection during
wheat domestication and modern breeding might have
played a significant role in shifts of microbiome-plant inter-
actions. Furthermore, Mahoney et al. (2017) showed that
different wheat cultivars differentially altered the bacterial
abundances in the rhizosphere, and Essiane-Ondo et al.
(2019) showed that different wheat cultivars responded
differently to native AM fungal communities, both in
terms of diversity and yield. These observations, made in
annual plants, have also been described in perennial plants
such as grapevine (Noceto et al. 2024). This is consistent
with the soil-dependent and genotype-dependent variations
observed in the composition of rhizosphere microbial com-
munities (Lareen et al. 2016). Indeed, microbiomes associ-
ated with wheat roots have changed through a breeding
process (Kinnunen-Grubb et al. 2020), with Acidobacteria
and Actinobacteria enriched in old cultivars, while taxa
belonging to Candidatus Saccharibacteria, Verrucomicrobia,
and Firmicutes enriched in modern ones. These last were
also enriched in fungal pathogens, including Fusarium,
Neoascochyta, and Microdochium genera (Kinnunen-Grubb
et al. 2020). Focusing on maize (Zea mays), wheat (Triticum
aestivumy), and barley (Hordeum vulgare), Xiong et al. (2021)
clearly demonstrated that host selection shapes crop micro-
biome assembly and network complexity, having important
implications for future crop management and manipulation
of crop microbiome for sustainable agriculture. Bai et al.
(2013) assessed a diverse set of bread wheat germplasm
and found that plant height was positively correlated to
different evaluated root traits, such as total root length, semi-
nal laterals length, seminal axes length, seminal laterals sur-
face area, seminal laterals volume, and root dry weight.
Additionally, environmental stresses can compromise the
plant associations with beneficial microbes, thereby signifi-
cantly limiting plant fitness (de Vries et al. 2020). It has
been well explained that during a drought event, the inter-
actions with soil-beneficial microbes, such as plant growth-
promoting bacteria (PGPB) and AM fungi, improve drought
tolerance. However, these relationships break down in the
presence of severe or prolonged drought, and different
plant-microbial associations are assembled after drought,
with the potential to have an impact on future plant and
soil drought responses (de Vries et al. 2020). Despite the
importance of these microbial communities to plant growth,
our understanding of the mechanisms driving microbiome
assembly and composition remains incomplete, particularly



in stressed environmental conditions and real-world scen-
arios. In tomatoes, for instance, it has been reported that
two different genotypes showed contrasting responses to
water deficit, primarily through diverse rhizosphere micro-
biota recruitment upon two diverse irrigation treatments
(Sillo et al. 2022). Results suggested that, in open fields, bac-
terial communities in tomato roots were shaped by water
deficit, leading to the selection of taxa potentially involved
in promoting tolerance to drought, with differences between
the two diverse genotypes (Sillo et al. 2022). Following a
flood event, specific bacterial taxa were associated with a len-
til landrace, as well as enhanced tolerance to fungal diseases,
compared to commercial varieties (Brescia et al. 2023).
Additionally, rootstock genotypes and an AM fungal inocu-
lum have been shown to influence the microbes associated
with grapevine roots, thus promoting plant growth and
defense mechanisms (Nerva et al. 2022). Ecological aspects
related to root exudates in drought conditions have also
been studied in fast-growing and slow-growing plant species
(i.e. the grass Holcus lanatus and the forb Rumex acetosa).
The results showed that qualitative changes in root exudates
increased the activity of the soil microbial community, sup-
porting regrowth and recovery after drought (de Vries et al.
2019). Similarly, plants undergoing salinity stress
recruit microbes from soil according to their ecological func-
tions (Zheng et al. 2021).

Plants do not react to all the microbes living in the rhizo-
sphere by activating defense responses, but they must
distinguish between pathogens, mutualistics, and commen-
sals, maintaining a balance between growth and defense
(Schloter and Matyssek 2009; Thoms et al. 2021; Figure 1).
Roots are continually exposed to the diverse microbes pre-
sent in the surrounding soil, especially in the rhizosphere,
and may undergo further selection (Philippot et al. 2013),
investing energy in an immune or symbiotic response.
Changes in root exudates under stress play a key role in
the resistance to stress (Chai and Schachtman 2022), but
also in the recruitment of specific soil microorganisms.
When plants are exposed to stress, such as environmental
challenges or nutrient deficiencies, they adapt by changing
the composition of compounds released by their roots. The
crosstalk between plants and microorganisms in the rhizo-
sphere acts as signal molecules that select and recruit soil
microorganisms to improve plant resource use efficiency
under stress conditions (Rolfe et al. 2019).

Among the molecules produced by plants during stress,
strigolactones have been shown to play regulatory roles
against abiotic stress in plants (Pandey et al. 2016; Ling
et al. 2020). Strigolactones are a class of plant hormones
involved in many processes of plant development and
acclimation to environmental stress (Waters et al. 2017). In

Antagonism Competition Neutralism Mutualism

Pathogens

Root symbionts (Glomeromycotina / Rhizobia / other fungi)

PGPR / Free living organisms

Figure 1. The hidden root microbiome, a vast spectrum of microorganisms
involved in interactions with roots and the rhizosphere.
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plant exudates, higher levels of strigolactones are associated
with abiotic stresses and have been shown to affect the entire
microbial community. Among the beneficial root-associated
microbes, a relevant role is played by AM fungi, which are
symbiotic soil-borne fungi that can impact plant develop-
ment and health (Smith and Read 2008). Strigolactones
have been shown to be involved in the crosstalk between
the plant and AM fungi. Indeed, in mycorrhized tomato
(Solanum lycopersicum) and lettuce (Lactuca sativa) plants,
it has been shown that AM colonization and strigolactone
production is stimulated under drought (Ruiz-Lozano et al.
2016). These results suggest a positive correlation between
strigolactone production and drought tolerance in AM-colo-
nized plants as a ‘call for help’ to promote the establishment
of AM symbiosis (Ruiz-Lozano et al. 2016).

3. The arbuscular mycorrhizal symbiosis
establishment and functioning

The arbuscular mycorrhizal symbiosis establishment

AM fungi recognize host plants through the perception of
root-secreted strigolactones that promote spore germination,
hyphal growth and branching, mitochondrial activity in the
pre-symbiotic mycelium, the expression of effector genes,
and the release of plant-directed chemical signals known as
Myc-factors. Currently characterized Myc-factors include
chitin-derived molecules, such as chitooligosaccharides and
lipo-chitooligosaccharides, which act as microbe-associated
molecular patterns (MAMPs). It is worth noting that recently
lipo-chitooligosaccharides were reported to be produced by a
wide range of fungi belonging to divergent lineages, where
they might act as signals in growth and development (Rush
et al. 2020), in addition to have a role in plant recognition.
The perception of Myc-factors by plant receptors induces
the activation of the common SYMbiosis pathway (SYM
pathway), which triggers the expression of specific genes of
the symbiosis and induces a massive reorganization of cell
structure (Pimprikar and Gutjahr 2018; Volpe et al. 2023).
After the molecular cross-talk, the activation of the SYM
pathway leads to the expression of the transcription factor
LjRAMI, resulting in the expression of specific genes
involved in the development of highly branched arbuscules
and in nutrient transport (e.g., phosphate and nitrogen trans-
porters, plant carbohydrate and lipid metabolism) (Garcia
et al. 2016; Pimprikar et al. 2016; Rich et al. 2017). Further-
more, colonization with AM fungi induces the upregulation
of defense genes, suggesting that defense proteins are
involved in mycorrhizal infection, but also could confer
higher resistance to root pathogens (Goddard et al. 2021).
Recently, Ca®*-mediated signaling mechanisms discriminat-
ing plant immunity- and symbiosis-related pathways have
been deciphered (Binci et al. 2023).

The trophic base of arbuscular mycorrhiza

Improving the mineral nutrition of the plant and the carbon
nutrition of AM fungi are considered to be the main benefits
of AM symbiosis. This applies in particular to improving the
phosphorus and nitrogen nutrition of AM plants, as these
two macroelements are essential to plants in large quantities
and are often present in limited available concentrations in
natural environments (Elser et al. 2007). Plants compatible
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with the AM symbiosis are supposed to have, in addition to
the direct uptake of nutrients by the epidermal cells of the
roots, specific ‘mycorrhizal uptake pathways’ to absorb the
mineral elements taken up from the soil by the AM fungal
partner. An extensive review of the mycorrhizal pathways
and transport systems involved in nutrient exchange has
recently been published (Casieri et al. 2013; Wipf et al. 2019).

AM fungi form common mycorrhizal networks (CMNs),
capable of affecting plant behavior, development, and physi-
ology (Wipf et al. 2019). A CMN is established when the
roots of several plants are connected by an underground net-
work formed by the mycelium of AM fungi (Kiers et al.
2011). CMNs can be exclusive when roots of the same
plant species form mycorrhizae with the same AM fungi,
or inclusive when roots of different plant species are con-
nected by the same AM fungi due to their low host specificity
(Wipf et al. 2019). Physical evidence for the presence of
CMN among plants was established nearly half a century
ago (Reid and Woods 1969). Evidence on the role and
place of CMN in ecosystem functioning has only really
been studied in the last three decades, but not extensively
(Simard et al. 1997; Fitter et al. 1998). Links between plants
via CMN have been reported in studies showing the transfer
of isotopes (">C,’P, and '°N) from one plant to another by
autoradiography (Francis and Read 1984; Newman et al.
1994; Walder et al. 2015; Calabrese et al. 2019). CMN should
not be thought of as straight motorways connecting two
plants, but as a real motorway network where roads cross
and join. Fungal hyphae, and AM fungi in particular, can
fuse, forming anastomoses (physical connection of hyphae
leading to the pooling of cytoplasms and their contents)
between isolated filaments and existing CMN when these
are genetically close (Giovannetti et al. 2001). These connec-
tions, or anastomoses, increase the plant’s associated func-
tions (Mikkelsen et al. 2008).

4. Arbuscular mycorrhizal symbiosis and
environmental stresses

The growing population and rising food demand in the con-
text of climate change, soil depletion and competition among
different land uses, and the requirement to use less chemical
fertilizers and pesticides are only a few of the issues that
modern agriculture must overcome (Gupta et al. 2020).
Although the response to salinity mediated by AM fungi
has been evaluated in diverse host plants (Pollastri et al.
2018; Duc et al. 2021; Ma et al. 2022), most of the published
studies focused on the impact of the AM symbiosis on plant
response to water deficit in different crops (Dell’Amico et al.
2002; Subramanian et al. 2006; Aroca et al. 2008; Wang et al.
2015; Symanczik et al. 2015; Zhang et al. 2015; Chitarra et al.
2016; Ruiz-Lozano et al. 2016; Recchia et al. 2018; Rivero
et al. 2018; Volpe et al. 2018). However, the pathways
involved in the improvement of the water deficit tolerance
by AM fungi are complex. Multiple plant responses are
involved, along with the responses induced by the stress con-
dition in the AM fungus (Cheng et al. 2021; Shi et al. 2023).
Plant-beneficial symbionts can be in fact directly affected by
the stresses itself, or indirectly by plant stress responses (Bas-
tias et al. 2023). Due to the complexity of the response to
stress, which involves both partners, the mechanisms under-
lying the enhanced tolerance mediated by the AM symbiosis
are still to be fully discovered. Several positive impacts have

been reported on photosynthetic traits in host plants, show-
ing improved performances upon different environmental
stresses such as drought, salinity, and extreme temperature
(Balestrini et al. 2020). Differences between tomato
responses in plants inoculated with two AM fungal species
have been reported (Chitarra et al. 2016; Volpe et al. 2018),
suggesting that the response could be genotype-dependent.
Particularly, Rhizophagus intraradices led to an improved
intrinsic water use efficiency (iWUE) with respect to Funne-
liformis mosseae and control uninoculated plants (Symanczik
et al. 2020). It has been reported that AM fungal symbiosis
improves plant water content by the mycorrhizal root system
through extraradical mycelium: AM hyphae can reach water
resources from the soil both by exploring micropores not
accessible to host roots and by affecting soil structure
(Ruiz-Lozano and Azcon 1995; Augé et al. 2008). The plant
physiology improvement by the AM symbiosis upon
water-limiting conditions has been extensively reported in
diverse crops (Ruiz-Lozano et al. 2015; Augé et al. 2015;
Balestrini et al. 2020), including an increase in hydraulic con-
ductivity (Quiroga et al. 2019). At the root level, the presence
of the AM fungus leads to extensive modifications in root
physiology, as well as in root cells to accommodate the fungal
structures, and these changes are controlled by specific gene
expression patterns in the host plant (Balestrini and Bon-
fante 2005; Fiorilli et al. 2009; Guether et al. 2009; Vangelisti
et al. 2018; Balestrini et al. 2019). During water deficit it has
been demonstrated, through targeted gene expression
approaches, that diverse drought-responsive genes are differ-
entially regulated in AM-colonized tomato and sorghum
plants (both in roots and leaves) (Chitarra et al. 2016;
Ruiz-Lozano et al. 2016; Symanczik et al. 2020) as well as
genes involved in nutritional aspects (Symanczik et al.
2018; Volpe et al. 2018; Fiorilli et al. 2022). Among the
genes that are differentially regulated in mycorrhizal roots,
several researches focused attention on the expression of
plant genes coding for aquaporins (AQPs). The AM symbio-
sis-mediated regulation is complex and is dependent on the
plant and fungal species involved in the symbiosis and on the
level and duration of the stress (Symanczik et al. 2020).
Additionally, the simultaneous induction of both fungal
and plant AQP genes in roots confirms that the two sym-
bionts strictly cooperate to regulate the drought-stress
response (Chitarra et al. 2016). Looking at nutritional aspects
of the symbiosis upon water deficit conditions, Volpe et al.
(2018) focused the attention on tomato and fungus phos-
phate transporter (PT) genes, showing a different regulation
of the considered PT genes by two AM fungi. Fiorilli et al.
(2022) have recently demonstrated that AM fungi positively
affected sulfur homeostasis under water deficit in durum
wheat but with differences between the two considered culti-
vars (Svevo and Etrusco). Mycorrhizal symbiosis positively
impacted water status and nutrient uptake in Svevo com-
pared to Etrusco cultivars (Fiorilli et al. 2022). The results
of this work underscore the importance of considering
nutrient use efficiency and the influence of other biotic soil
components, such as AM fungi, when identifying drought-
tolerant plants. This suggests that focusing exclusively on
drought tolerance without considering these factors may
not provide a comprehensive assessment of plant resilience
(Fiorilli et al. 2022; Nerva et al. 2022). Diverse -omics
approaches, such as transcriptomics (Balestrini et al. 2019;
Keller-Pearson et al. 2023) and metabolomics (Rivero et al.



2018), have been also used to highlight the responses to
drought response-mediated by AM symbiosis. It is worth
noting that the AM symbioses led to an increase in plant
metabolic plasticity to cope with stress, with diverse
responses that were common to the different tested AM
fungi, while others were exclusively linked to particular iso-
lates. A relevant metabolism reprogramming was mainly
observed in salt stress conditions, mirroring the improved
tolerance to stress (Rivero et al. 2018). The AM symbioses
enhanced plant metabolic plasticity in response to stress, eli-
citing both common responses across different tested AM
fungi and exclusive responses specific to particular isolates.
A significant metabolic remodeling was observed under
salt stress conditions, reflecting an enhanced tolerance to
such stress (Rivero et al. 2018).

Although some aspects of the relationship between sym-
biosis and response to environmental stress have been eluci-
dated, the involved mechanisms are complex and need to be
further explored. Keller-Pearson et al. (2023) for example
have recently reported that carrot roots and R. irregularis
show a diverse regulation of gene expression during drought,
with carrot reducing its apparent investment in symbiosis
and the fungus increasing its apparent symbiotic efforts.
However, cooperation between host plants and AM fungi
is often dependent on the symbiotic partners, and it is related
to several factors, such as environmental conditions,
resources availability, and the functional diversity of the
symbiotic partners. Looking at the fungal side, a highly con-
served transcription factor in Rhizophagus irregularis,
namely RiMsn2, has recently been reported to play a crucial
role in the fungal response to drought (Fan et al. 2023).
Experiments in transformed yeasts showed that this gene is
key to maintain osmotic balance and regulate trehalose
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Figure 2. Conceptual diagram of the hidden soil interactome and its conse-
quences for plant nutrition (¢) and defense (@). A: plant alone, B: plant +
Plant Growth Promoting Rhizobacteria, C: plant + Arbuscular Mycorrhizal

Fungi, D: plant + Plant Growth Promoting Rhizobacteria + Arbuscular Mycor-
rhizal Fungi.
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content, and Virus-induced gene silencing (VIGS) exper-
iments in R. irregularis revealed that it is also crucial for
the formation of arbuscules (Fan et al. 2023).

It is worth noting that variation in the results is explained
by a diverse response to AM symbiosis and contrasting
results in terms of perceived benefits (i.e. biomass and nutri-
ent acquisition, stress tolerance) when different plant or fun-
gal genotypes are considered. Diverse combinations can in
fact have different colonization rates as well as a diverse
response to stress.

Response to different combinations of arbuscular
mycorrhizal fungi during a stress

It is well known that the benefits provided by AM symbiosis
depend on the AM fungal species involved as partners (van
der Heijden et al. 1998; Powell and Rillig 2018). Specific
benefits provided by AM fungal species have been attributed
to certain functional traits such as hyphal exploration dis-
tance, hyphal uptake capacity and strategy, and regenerative
strategies (Chagnon et al. 2013; Chen et al. 2018). In a meta-
analysis collecting data from more than 3000 studies of non-
mycorrhizal plants versus mycorrhizal plants inoculated with
a single AM fungal species under different abiotic stresses,
Marro et al. (2022) have shown that various taxonomic
groups may provide different nutritional benefits depending
on the type of stress. Previously, these traits were shown to be
phylogenetically conserved, but differ among three main
taxonomic families (Gigasporaceae, Glomeraceae, and Acau-
losporaceae) (Hart and Reader 2002; De La Providencia et al.
2005; Powell et al. 2009; Koch et al. 2017). However, the taxo-
nomic group does not explain the entire diversity of func-
tional traits observed at the species and strain level. Indeed,
the ability of plants to respond to AM fungi in terms of per-
formance depends on the plant-fungus genotype combi-
nation, and the abiotic and biotic environment (Berger and
Gutjahr 2021). Recently, the transcriptional and physiologi-
cal responses of sorghum to two different AM fungal species,
R. irregularis and F. mosseae, under 16 different conditions of
nitrogen (N) and phosphorus (P) supply has been investi-
gated. Physiological and gene expression patterns of
ammonium and phosphate transporters reveal fine-scale
differences between two AM fungal species in the nutritional
interactions with sorghum plants. Evidence showed that AM
fungal species differ in their strategy for nutrient transfer to
the plant, suggesting that different species may harbor differ-
ent ecological roles (Boussageon et al. 2022). In addition,
different AM fungi exhibit different capacities to elevate
the tolerance to salinity and drought. In Casuarina plants,
three strains of Rhizophagus (R. irregularis DAOM197198,
R. aggregatus DAOM2277128, and R. fasciculatus) have
been tested under salt stress conditions with R. fasciculatus
the most performant (Djighaly et al. 2018). In sorghum,
R. irregularis DAOM197198 and R. arabicus were tested
for their capacity to increase drought tolerance.
R. arabicus, a strain endemic to hyper-arid ecosystems, was
shown to significantly increase sorghum nutrition during
drought stress (Symanczik et al. 2018). This study highlights
the importance of selecting strains adapted to a given
environment for better plant response to stress.

In a metanalysis, Rua et al. (2016) showed that sympatric
relationships among plants, AM fungi, and soil tend to out-
perform allopatric relationships. If these three components
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Table 1. Root phenotyping tools with a potential for studying root-microbe interactions. AMF: AM fungi.

Tool Type of Phenotyping Application Reference

Rhizotrons 2D Traditional nondestructive 2D imaging Atkinson et al. 2019

Minirhizotrons 2D High-resolution imaging of root dynamics in field conditions  Bauer et al. 2022

RhizoTubes 2D Dynamic root phenotyping, high-quality imaging Jeudy et al. 2016

WinRHIZO™ 2D & AMF colonization  Global root measurements (diameter, length, area), root Deguchi et al. 2017

analysis topology, estimation of AMF colonization

EZ-Rhizo 2D Global root measurements (diameter, length, area), root Armengaud et al. 2009
topology

RhizoVision Explorer 2D Global root measurements (diameter, length, area), root Seethepalli et al. 2021
topology

GrowScreen-PaGe 2D High-throughput phenotyping of shoot and root growth Gioia et al. 2016
under different conditions

X-ray CT 3D Monitoring root system growth over time, nondestructive Pfeifer et al. 2015
imaging

Magnetic resonance imaging 3D Monitoring root system growth over time, nondestructive Pflugfelder et al. 2017

(MRI) imaging

Trouvelot Method, Grid-line AMF colonization

Microscopical observations of AMF colonization

Automatic identification and quantification of AMF using
computer vision and neural networks

Web-based application using machine learning for AMF

High efficiency and correlation with traditional methods for

High-throughput molecular tool for AMF colonization

Trouvelot et al. 1986 Giovannetti
and Mosse 1980

Evangelisti et al. 2021

Muta et al. 2023

Sciascia et al. 2023

Corona Ramirez et al. 2023

Intersect Method analysis
AMFinder AMF colonization
analysis
TAIM AMF colonization
analysis colonization rate calculation
Machine Learning-based AMF colonization
method analysis AMF colonization assessment
gPCR with universal AMF primer  AMF colonization
set analysis assessment in roots

Standardized Quantitative Nodule quantification

Analysis for nodule analysis degree
SNAP Nodule quantification
analysis

Standardized representation and calculation of nodulation

Nodule quantification on soybean roots using deep learning
for detection and segmentation

Remmler et al. 2014

Jubery et al. 2021

coexist in the same geographical region, the interactions are
often more advantageous, resulting in better absorption of
nutrients. These results suggest that the local adaption of
the plant and the community of AM fungi to a novel
environment should be considered while designing exper-
imentation under drought and salinity stresses.

5. Interactions between arbuscular mycorrhizal
fungi and other beneficial microbes of the root
microbiota

Recent studies have shown that services provided by AM
fungi (Gianinazzi et al. 2010) are often facilitated by the
microbiota in the soil or associated with the AM fungi or
the plant. Multitrophic interactions among roots, AM
fungi and certain soil bacteria are established, the beneficial
effects of which may be synergistic and additive (Figure 2).
Some evidences have also shown the suppression of some
AM fungal activities by soil microbiota (Svenningsen et al.
2018). Besides AM fungi, other microbes as plant growth-
promoting rhizobacteria (PGPRs) can also have an impact
on plant development and health. PGPRs can be either
free-living, root-bound, bound to fungal hyphae, or bound
to spores (Bianciotto et al. 1996). PGPRs adhere to roots or
AM fungi via biofilms formed from glycoproteins. PGPRs
are bacteria belonging to various genera, including Pseudo-
monas, Bacillus, Rhizobia, and Azotobacter spp. (Benizri
et al. 2001). Some of them act directly on AM fungi, either
in vitro (Ordofez et al. 2016) or in soil (Battini et al.
2017), because they (i) improve root colonization (Pivato
et al. 2009), (ii) promote hyphal growth (Bidondo et al
2011); (iii) facilitate or improve spore germination by
degrading chitin, the main component of AM fungal spore
walls (Roesti et al. 2005).

The taxonomic diversity of PGPRs in the different
‘spheres’ mentioned above is extremely variable; this

diversity depends in particular, as mentioned previously,
on the composition of root exudates, but also on the compo-
sition of exudates from the hyphae of AM fungi.

PGPRs stimulate mycorrhization when growth is con-
strained or inhibited by extreme soil and climatic conditions
such as drought (Vivas et al. 2005). PGPRs stimulate root
colonization by AM fungi by repressing phytopathogen-
related signaling pathways (Gamalero et al. 2008; Stearns
et al. 2012). Finally, they stimulate root colonization by
AM fungi by promoting the release of plant flavonoids that
direct hyphal growth (Xie et al. 1995). If the presence of
PGPRs is beneficial for AM fungi, so is the reciprocal; Gama-
lero et al. (2004) showed that F. mosseae improved the long-
term survival of a strain of P. fluorescens.

Although there is little data on the combined role of
PGPRs and AM fungi on plant response (for example see
Vosatka et al. 1992; Gamalero et al. 2004; Ordookhani and
Zare 2011; Dohroo and Sharma 2012; Tavasolee et al. 2013;
Berta et al. 2014; Bona et al. 2014), Todeschini et al. (2018)
recently reported the impact on strawberry production and
quality of PGPR and AM fungal co-inoculation as well as
the importance of the used bacterial and fungal strains.
The effects of interactions between roots, AM fungi and
PGPRs can be exploited for the benefit of sustainable agricul-
ture (Noceto et al. 2021). Since AM fungi and PGPRs are
beneficial microorganisms, their synergistic or additive
effects could be even more beneficial in improving yield
and quality, as well as controlling certain diseases.

The question of the extent of the impact of the rhizosphere
is still under debate, especially when considering the plant
holobiont and the extra-radical mycelium of AM fungi as an
extension of the root system, leading to the formation of the
hyphosphere specifically. The hyphosphere microbiome has
diverse functions and the recruited microbial species could
be different (Wang et al. 2022). Regarding plant phosphate
nutrition and the weak ability of AM fungi to solubilize



mineral forms of inorganic phosphate alone (Antunes et al.
2007), AM fungi recruit other microbes with phosphate degra-
dation capabilities (Zhang et al. 2022).

6. Approaches of root phenotyping for plant
interactions

The importance of root phenotyping is growing as it plays a
pivotal role in understanding how plants respond to different
environmental conditions and stress factors (Amtmann et al.
2022). Root phenotyping approach to examine plant
responses to various abiotic and biotic conditions, including
interactions with soil microbes, holds great promise for
advancing our understanding of crop resilience (Table 1).
Nowadays, root phenotyping in controlled conditions can
be conducted in both two- and three-dimensions (2D and
3D). 2D root phenotyping typically involves the analysis of
images or scans of roots on a flat surface, while 3D root phe-
notyping involves capturing and analyzing three-dimen-
sional images or models of root structures (Atkinson et al.
2019). Traditional nondestructive techniques for studying
root growth, such as rhizotrons, typically produce 2D images
(Atkinson et al. 2019). In addition to rhizotrons, one of the
main tools to assess root phenotypes is represented by Rhi-
zoTubes (Jeudy et al. 2016). These tubes are innovative
cylindrical rhizotrons designed for dynamic root phenotyp-
ing. They consist of concentric tubes that create separate
zones for root growth, substrate, and nutrient solution,
with a permeable membrane allowing the exchange of nutri-
ents, water, as well as soil microbes, while preventing root
passage (Jeudy et al. 2016). This design confines the root sys-
tem in two dimensions, facilitating high-quality imaging
using a dedicated camera (namely ‘RhizoCab’). RhizoTubes
have proven to be useful also for studying interactions
between roots and microbes (Jeudy et al. 2016). The high-
resolution imaging capabilities of RhizoTubes might allow
the assessment of root nodules (symbiosis with rhizobia) as
well as the visualization of mycelium in the case of fungi
interacting with roots (Jeudy et al. 2016). RhizoTubes
might be used to perform noninvasive measurements of
root development upon the impact of microbial strains/iso-
lates, populations, or communities, as they could allow the
inoculation of both symbiotic and free-living microbes on
the substrate (Jeudy et al. 2016). The effect on roots of the
bacterial strain Pseudomonas fluorescens C7R12 inoculated
on pea and wheat roots was successfully studied in Rhizo-
Tubes (Jeudy et al. 2016). Another example is represented
by the integrated system known as GrowScreen-PaGe that
was employed to investigate the growth patterns of the
model cereal Brachypodium distachyon Bd21-3 in the pres-
ence of the PGPR Azospirillum brasilense Sp245 (Gioia
et al. 2016; Schillaci et al. 2021). This platform allowed the
high-throughput phenotyping of both shoot and root growth
under different abiotic conditions. Dedicated softwares for
assessing nodulation in roots have also been developed.
For example, the standardized quantitative analysis of nodu-
lation patterns in legumes developed by Remmler et al
(2014) allows for a standardized representation of the nodu-
lated root system and calculates nodulation degree and root
variables (Remmler et al. 2014). Additionally, a Soybean
Nodule Acquisition Pipeline (SNAP) for nodule quantifi-
cation based on deep learning detection and segmentation,
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in order to phenotype nodules on soybean roots at a higher
throughput has been recently developed (Jubery et al. 2021).
This pipeline was successfully used to assess the interactions
between soybean and Bradyrhizobium bacteria (Jubery et al.
2021). As for the innovations in root growth analysis,
advancements have also been made in the quantification of
root colonization by AM fungi in root samples. Conven-
tional methods for quantifying root colonization by AM
fungi and hyphal abundance involve root samples staining
of root fragments with lactic blue or other dyes for the label-
ing of the intraradical fungal structures, microscopic obser-
vations of the AM fungal-specific structures, and human
scoring, which can be subjective and could vary between
observers (Vierheilig et al. 2005; Sportes et al. 2022). The
Trouvelot method is the traditional method for quantifying
AM fungal colonization in roots, and it involves assessing
root segments in glass slides through microscopical obser-
vations of the colonization percentage (Trouvelot et al.
1986). Another established method, i.e. the grid-line inter-
sect method by Giovannetti and Mosse (1980), is widely
used to evaluate the rate of AM fungal root colonization by
observing the presence of fungal hyphae. The use of root
phenotyping systems, such as WinRHIZO™, has proven to
be a promising method for obtaining accurate quantification
of AM fungal structures in roots. WinRHIZO™ system
(Regent Instruments Inc., Quebec, QC; Arsenault et al.
1995) and EZ-Rhizo software (Armengaud et al. 2009) are
two of the most popular tools to analyze data from 2D
root phenotyping. WinRHIZO™ utilizes a scanner to cap-
ture images and analyze global root measurements, such as
average diameter, total length, and area, along with topology
analyses of root system architecture (Arsenault et al. 1995).
On the other hand, the EZ-Rhizo software is a semi-auto-
mated tool for measuring various aspects of lateral roots,
including length, angle, and number (Armengaud et al
2009) as well as the more recent free and open-source soft-
ware RhizoVision Explorer (Seethepalli et al. 2021). The
WinRHIZO™ has been proposed as a tool to estimate AM
fungal root colonization and was validated with AM roots
of Chengiopanax sciadophylloides when compared to the
grid-line intersect method (R* = 0.94; Deguchi et al.
2017). This method allows analyzing a large number of
samples and facilitates comparison of results across different
researchers by sharing analytical settings via a cac formatted
file, i.e. the standard file generated by the software (Deguchi
et al. 2017). The WinRHIZO™ method efficiently assessed
AM fungal structures automatically, showing promise for
further development and widespread use in evaluating AM
fungi across different plant species (Deguchi et al. 2017).
Recent advancements in machine learning, coupled with the
availability of specialized softwares for root analysis, have pro-
moted the emergence of innovative and less time-consuming
methodologies for assessing root colonization by AM fungi.
Recently, the Automatic Mycorrhiza Finder (AMFinder) soft-
ware was developed as an innovative tool employing compu-
ter vision and convolutional neural networks for the
automatic identification and quantification of AM fungal
root colonization and intraradical hyphal structures in ink-
stained root images (Evangelisti et al. 2021). This tool demon-
strated high efficiency in providing high-confidence predic-
tions across different datasets, including results on root
samples of Nicotiana benthamiana, Medicago truncatula,
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Lotus japonicus, and Oryza sativa. A protocol was established
for sample preparation and imaging, allowing the quantifi-
cation of several AM fungal species through scanning or digi-
tal microscopy, including the observation of dynamic
increases in colonization across the whole root systems over
time (Evangelisti et al. 2021). Other approaches based on
machine learning, i.e. machine learning-based procedure of
the Zeiss Zen Intellesis software (Carl Zeiss Microscopy
GmbH Jena, DE), were also evaluated, showing high efficiency
and a high degree of correlation compared to traditional
methods (Schillaci et al. 2020). More recently, Muta et al.
(2023) introduced a novel web-based application called ‘Tool
for Analyzing root images to calculate the Infection rate of
arbuscular Mpycorrhizal fungi’ - TAIM, which employs
machine learning classifiers to automatically determine the
degree of AM fungal root colonization from 40x magnification
microscopic images.

It should be noted that AM fungal colonization of plant
roots is a stepwise process influenced by environmental fac-
tors as well as by plant and AM fungal identity (Montero
et al. 2019). Since the AM fungal colonization process is
dynamic, with the presence of several colonization stages
in the same root fragment, a spatial-temporal resolution
approach, including multiple time points, should be
employed to capture the development of specific AM fungal
structures (Montero et al. 2019). Hence, in addition to
microscopic observations for AM fungal colonization assess-
ment, the monitoring of transcript levels of plant and AM
fungal marker genes induced at different symbiotic stages
should be used as a complementary analysis (Montero
et al. 2019). While the use of AM fungal housekeeping
genes as an indirect method to assess fungal biomass is com-
mon, the assessment of the expression of specific AM fungal
marker genes regulated at distinct symbiotic stages is rec-
ommended (Balestrini et al. 2007; Helber et al. 2011; Tsuzuki
et al. 2016; Sun et al. 2018). On the host plant side, time-
course transcriptomic studies have shown genes associated
with the early and late stages of symbiotic interaction
(Choi et al. 2018; Pimprikar and Gutjahr 2018). Thus, it
has been proposed that root samples should be collected at
least two different times to obtain the initial and final stages
of AM fungal colonization (Montero et al. 2019). The assess-
ment of AM fungal colonization in roots can be also accom-
plished by using DNA-based molecular techniques on
colonized roots. Quantitative polymerase chain reaction
(qPCR) offers an efficient high-throughput tool, by using
general AM fungal primers and either relative or absolute
quantification methods, to assess AM fungal colonization
in roots (Gollotte et al. 2004; Thonar et al. 2012; Hewins
et al. 2015; Badri et al. 2016; Voriskova et al. 2017). Recently,
a study by Corona Ramirez et al. (2023) validated the use of a
primer set (AMGIF and AM1) for qPCR in Petunia plants
and tested on wheat, tomato, and leek plants. This tool
proved to be useful in AM fungal colonization assessment
and also highlighted that primer efficacy may vary with
different crops and must be validated for each single tested
plant species (Corona Ramirez et al. 2023). Additionally, it
is worth noting that novel approaches to track the pro-
gression of AM symbiosis have been developed, such as pig-
ment-based marker systems, as a useful alternative to
conventional methods (Timoneda et al. 2021; Kumar et al.
2022) that rely on the generation of transgenic plants expres-
sing mycorrhizal specific reporters, such as MycoRed, a

betalain-based reporter system (Timoneda et al. 2021), and
a method based on anthocyanin pigmentation (Kumar
et al. 2022). It is worth noting that nondestructive three-
dimensional (3D) phenotyping of roots in soil can also be
currently accomplished by using tomographic techniques.
These methodologies comprise X-ray computed tomography
(X-ray CT) and magnetic resonance imaging (MRI) (Pfeifer
et al. 2015; Pflugfelder et al. 2017). Both X-ray CT and MRI
can be used to monitor root system growth over time with-
out affecting plant development (Atkinson et al. 2019). How-
ever, it has been reported that potential negative effects of
repeated X-ray CT scans on root development and soil
biota may occur (Zappala et al. 2013).

Phenotyping studies of root-microbe interactions in the
field are still deemed as a challenging task. However, high-
resolution Minirhizotrons have been successfully used to
explore root-fungal dynamics, focusing on the abundance
and growth of plant fine roots and fungal mycelium (Defr-
enne et al. 2020). Results showed that in warmer, drier
peat, ericaceous shrub roots, and ectomycorrhizal fungal rhi-
zomorphs were more abundant, while in colder, wetter peat,
fine roots of trees, ectomycorrhizal fungi, and dark-colored
fungal hyphae were more abundant (Defrenne et al. 2020).
By employing a Minirhizotron system, the peanut root sys-
tems, including nodule development, over time, have been
analyzed (Rowland et al. 2015). Minirhizotrons indeed rep-
resented one of the most widely used and effective noninva-
sive tools for evaluating root growth under field conditions
to date (Taylor 1987). Modern Minirhizotron systems typi-
cally include transparent tubes in the soil, a miniature
video camera for capturing images, and a computer to con-
trol the camera and store images (Johnson and Meyer 1998).
Future improvements in both hardware (imaging capturing
cameras) and software (for example, by using a machine-
learning image analysis pipeline; Bauer et al. 2022) will pro-
mote the study of roots interacting with soil microbes
directly in situ.

Conclusion

In recent years, researchers have aimed to engineer the posi-
tive interaction between AM fungi and other soil microor-
ganisms by co-inoculation to stimulate plant nutrition and
plant protection. The critical point in plant development is
the balance between plant nutrition and plant protection,
and to which extent root microbiome could participate in
such functions. The question of the symbiotic traits that
need to be quantified is crucial. These traits need to be ident-
ified separately in microbial species and to be stable when the
microbe is present in a microbial community.
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