
Commentary

Microbial villages in the
geography of arbuscular
mycorrhizal symbioses

Soil bacteria, archaea, and fungi provide critical ecosystem services
but linking specific microorganisms with these services is
challenging because their abundance and diversity are staggering.
One gram of soil contains up to 1 billion bacterial cells with tens of
thousands of taxa and up to 200 m of fungal hyphae (FAO
et al., 2020). How can the ecosystem roles of individual species be
identified within this multitude?

‘Arbuscular mycorrhizal hyphae provide an enormous yet

invisible scaffolding upon which ecosystem and evolu-

tionary processes occur.’

Controlled laboratory and greenhouse studies have clearly
established that symbioses with arbuscular mycorrhizal (AM)
fungi are critical for the normal phosphorus (P) nutrition of most
plants (Treseder, 2013). Furthermore, studies show that ‘hypho-
sphere bacteria’ associated with AM fungal hyphae are needed to
mineralize organic forms of P from the surrounding soil
(Faghihinia et al., 2022). Complex communities of hyphosphere
microorganisms surround AM fungal hyphae that are distinct from
those in bulk soil outside the zone of hyphal influence (Emmett
et al., 2021; Faghihinia et al., 2022). The next step toward
understanding how AM microbiomes contribute to plant P
nutrition is to identify a core group of P-mineralizing bacteria
in situ, in real-world hyphospheres.

This goal is daunting for several reasons. First, there is the
challenge of collecting bacteria from hyphosphere microhabitats
in field soils. Second, given the taxonomic and metabolic
diversity of soil bacteria, it is difficult to ascertain which taxa
are actively breaking down organic P on or near hyphae so that it
becomes available for AM fungal uptake. Finally, a core
consortium of P-solubilizing bacteria associated with AMhyphae
must be distinguished from background site-specific variation
that is inherent in soil microbial biogeography. The research
pipeline developed by Wang et al. (2023; pp. 859–873)
published in this issue of New Phytologist offers solutions to each
of these challenges and provides sampling and analytical
approaches to decipher patterns from background noise in

complex microbial communities. These advances will help us
begin to understand the mechanisms by which bacteria
associated with AM hyphae contribute to important ecosystem
services.

Mycorrhizas are the basement of plant communities and
manifestations of the geography of biomes (Read, 1991). Spatial
structure is increasingly recognized for its role in facilitating species
interactions and biogeochemical processes. Arbuscular mycorrhizal
hyphae provide an enormous yet invisible scaffolding upon which
ecosystem and evolutionary processes occur in the soils of most
tropical and temperate ecosystems, including agroecosystems. This
spatial and biological complexity of mycorrhizal symbioses generates
emergent properties that may be missed in simplified laboratory and
greenhouse studies. To address this problem, Wang et al. developed
effective field-based methods to collect root-free AM fungal hyphae
so that they could separately analyze microbial communities on
hyphal surfaces and compare them with those in bulk soil.
Furthermore, their experiments in arid, semi-arid, and mesic
agroecosystems captured a wide range of environmental and biotic
diversity. Wang and colleagues used network analysis to single out
groups of interacting organisms from the microbial milieu and
subsequent correlation analysis to link modules of interacting
organisms with their capacity for P exploitation (higher phosphatase
activity and lower total P remaining in soil). This approach also
allowed them to identify bacterial ‘guilds’ (modules) specific to the
AM hyphosphere. This narrowed the search and elucidated a core
bacterialmicrobiome in the hyphosphere of a variety of different AM
fungal taxa on maize and cotton at three different agricultural sites.
This remarkable discovery was further substantiated in a greenhouse
microcosm experiment using a single AM fungal isolate. The striking
similarity of bacterial modules across different agroecosystems and in
the microcosm experiment strongly suggests the existence of a
conserved hyphosphere bacterial community and the potential
importance of a hyphal scaffolding for microbiome assembly.

Environmental filtering, community interactions, and evolu-
tionary processes can shape the geography of soil communities
across a hierarchy of spatial and temporal scales (Chase et al., 2021).
Wang et al. observed distinctive AM fungal communities at their
three study sites, which corroborates numerous field studies of
large-scale environmental gradients that reveal spatial patterns in
AM fungi based on climate, soil properties, and plant communities
(e.g. Vasar et al., 2022). The relative importance of biotic and
abiotic filters varies among studies; nevertheless, these findings
suggest niche differentiation among AM fungal species (Marro
et al., 2022). Is symbiotic function a driver of these patterns? There
is evidence that plants select for AM fungi that deliver the most
benefit (Bever, 2015) and furthermore, different AM fungal taxa
select different bacterial communities (Zhou et al., 2020;
Emmett et al., 2021) – even on the same host plant! The relevance
of these micro-scale community interactions for understanding theThis article is a Commentary on Wang et al. (2023), 238: 859–873.
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function of mycorrhizal symbioses has yet to be fully explored but
these discoveries are thought-provoking. Do plants actively
cultivate networks of AM fungal hyphae to provide infrastructure
for microbial processes that maximize resource exploitation in
spatially and temporally heterogeneous soil? The lifespan of AM
fungal hyphae is uncoupled from that of host plants, and relatively
thick runner hyphae can persist long after roots die (Pepe
et al., 2018). Does the spatial structure created by residual AM
hyphal networks influence evolutionary processes such as hor-
izontal gene transfer and adaptation through multilevel selection?
Future studies that utilize the spatially explicit field sampling
methods developed by Wang et al. may help answer some of these
questions.

All of this leads to an inevitable question, how do we define an
evolutionary unit of selectionwhen talking aboutAM fungi and the
hyphosphere? Some authors have referred to the ‘mycorrhizal
collective’ (plant plus symbiotic fungi) as an evolutionary
individual (Molter, 2019), and discoveries by Wang et al. and
Emmett et al. (2021) indicate that the mycorrhizal collective must
include the bacterial microbiome associated with AM fungal
hyphae. Evolution generates adaptations when there is phenotypic
variation, differential fitness, and heritability (Lewontin, 1970),
and these three requisites can occur at the scale of holobionts
(Roughgarden et al., 2018). Multilevel selection theory recognizes
that natural selection often acts simultaneously on two or more
levels of the biological hierarchy (Heisler & Damuth, 1987), with
the same or different direction and strength (Mar�ın, 2016). In this
context, the fitness of an individual depends on its own traits plus
the (average) traits of the surrounding intraspecific group, in
addition to emergent traits, for example, biofilm formation when
bacterial populations reach a threshold density (Mar�ın, 2016). It
has been argued that selfish individuals out-compete altruistic
individuals, but altruistic collectives out-compete selfish groups
(Wilson &Wilson, 2007). Does this kind of hierarchical selection
also apply to interspecific teams comprised of a multitude of
unrelated organisms? Since holobiont function is an emergent
property of dynamic networks of interspecific interactions ranging
from facilitation to antagonism, is themetaphor of ‘selfish cheaters’
obsolete? What are the roles of community assembly and genetic
processes in the evolution of holobionts?More research is needed to
address these questions, but there is already empirical evidence
suggesting that microbiomes generate plant adaptation.

Multilevel selection may help explain how AM fungi and
associated microbes can generate local adaptation in P-limited and
water-limited ecosystems (Johnson et al., 2010; Ji et al., 2013;
Remke et al., 2020). A reciprocal inoculation experiment found
that sympatric combinations of host plants, AM fungi, and
associated soil microbes generated higher plant fitness compared
with allopatric combinations (Johnson et al., 2010). Subsequent
analysis revealed that a single AM fungal species, Gigaspora
gigantea, colonized plant roots inoculated with both allopatric and
sympatric soil (Ji et al., 2013). Could the unmeasured bacterial
communities associated with sympatric ecotypes of G. gigantea be
the conveyors of the observed local adaptation? This hypothesis is
supported by the results of a field-based experiment showing that a

common soil bacterium can genetically adapt to its abiotic
environment within just 18 months (Chase et al., 2021). Could
there be a similar bacterial adaptation to associate with resident
ecotypes of AM fungi?

Further empirical work is needed to better understand the
evolutionary dynamics of holobionts (Roughgarden et al., 2018),
and mycorrhizal microbiomes may provide an excellent model
system for these studies. An effective approach for linking
microbiome structure with its symbiotic function is to measure
relative fitness and symbiotic, plant, and fungal traits (Chaudhary
et al., 2022) across natural resource/stress gradients. Another
approach might be to use multigenerational microcosms and
reciprocal transplant experiments in which AM fungi and
mycorrhizal collectives are selected to perpetuate future generations
according to their functionwith anunchangingplant host genotype
(Swenson et al., 2000). Realistic environmental conditions are
essential to capture the emergent properties of mycorrhizal
collectives, so whenever possible, studies should be conducted in
the field or microcosms constructed with field-collected soils and
corresponding microbial communities. Wang and colleagues have
developed techniques for in situ collection of AM hyphae in the
field and methods to elucidate patterns from complex datasets.
Building upon these contributions will help advance our under-
standing of the roles of mycorrhizal microbiomes and other
holobionts in natural and human-managed ecosystems.
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