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better suited for a seer of Baba Vanga’s
caliber. But, does this limitation really
matter, when, along the way, we learn so
much about the interesting biology of
species we might otherwise only know
from a chance encounter in a sulfidic
spring?
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Secondary metabolites mediate a broad variety of interactions between bacteria and fungi. Testing two plant
growth-promoting microorganisms, a rhizobacterium and an arbuscular mycorrhizal fungus, a new study
reveals their chemical interaction and an enhanced systemic induction of plant immunity.

Plant growth-promoting microorganisms
are utilized to mitigate the use of
synthetic chemical fertilizers and their
detrimental impact on our environment.
The mode of action of these microbes is
most often mediated by secondary or

4')
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specialized metabolites that either

nourish the growth and development of
plants or restrict pathogenic (micro)

organisms. For example, these microbes

produce a plethora of bioactive

secondary metabolites that inhibit

plant-pathogenic microorganisms. In the
loose symbiotic relationship between a
plant and its beneficial microbiome,
plants excrete a mixture of metabolites
that are utilized by the rhizoplane
(directly attached biomass on the root)
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and rhizosphere (soil region around the
root) microbiome'. However, in addition
to the broadly explored anti-fungal effect
of rhizobacteria, certain species of
bacteria and fungi might synergistically
work together to benefit plants. Indeed,
bacteria and fungi are also jointly utilized
in certain plant promoting biofertilizer
products. Detailed understanding of the
underlying chemical interactions among
bacteria, fungi, and their plant host

will aid improvement of existing
formulations and development of new
combinations of plant growth-promoting
microorganisms®.

In this issue of Current Biology,
Anckaert, Declerck and colleagues
dissect the chemical ecology between
the rhizobacterium Bacillus velezensis
and the arbuscular mycorrhizal fungus
(AMF) Rhizophagus irregularis®. They
demonstrate that, in analogy to plant
root exudate-mediated recruitment of
specific microbial taxa, R. irregularis
attracts B. velezensis to the
hyphosphere, the soil region that is
influenced by fungal hyphae (Figure 1).
At the same time, production of the
antifungal secondary metabolite
fengycin is attenuated in the bacterium.
Downregulation of antifungal
lipopeptides has also been observed in

Biofilm
on AMF

Spreading
along AMF

Bacilysin _©

o]

Inhibition of

]
»@«J\(
\u o

harmful fungus

a close relative of B. velezensis, Bacillus
subtilis, during attachment on
Aspergillus niger mycelia* and during
two weeks of incubation with
Setophoma terrestris®, suggesting an
overarching response and precise
modulation of secondary metabolite
production by B. subtilis group species
in the presence of specific fungal taxa.
However, production of the bacterium-
produced amphiphilic lipopeptide
surfactin is maintained by B. velezensis
in the hyphosphere®. It remains to be
discovered how rhizobacteria, like those
of the B. subtilis group species,
differentiate between different fungi —
which one is friend and which one is
foe? Identification of fungal-derived
cues that modulate the production of
secondary metabolites in Bacilli will

aid predictability of B. subtilis group
species compatibility with fungi.
Moreover, it is also important to
dissect how different fungi cope with
the different lipopeptides produced by
Bacilli, as certain fungal taxa might be
sensitive to surfactin, and others to
fengycins®. While fengycin production is
reduced in B. velezensis upon AMF
colonization, another secondary
metabolite, di-peptide bacilysin,
protects R. irregularis against its harmful

Transport of surfactin
by AMF cytoplasmic flow

Chemotaxis
towards AMF

Current Biology

Figure 1. Bacteria—-fungi interaction in the rhizosphere.

The various interaction mechanisms between the rhizobacterium B. velezensis and the AMF R. irregularis
are depicted as described by Anckaert, Declerck et al.®. The example includes B. velezensis chemotaxis
towards AMF, enhanced bacterial spreading along the hyphae and biofilm formation, protection of AMF
against harmful fungi, and transport of the lipopeptide surfactin by the cytoplasmic translocation within
the AMF mycelia. (This figure was created with BioRender.com.)
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competitor fungus, Trichoderma
harzianum®. Similarly, the growth of
another harmful bacterium, Collimonas
fungivorans, is suppressed by

B. velezensis, although independently
of the Bacillus lipopeptides and
bacilysin. These observations
emphasize the complexity of the
antimicrobial activity range of secondary
metabolites.

Anckaert, Declerck and colleagues®
developed a unique experimental
system to decipher bacterial
colonization, fungal cell biology, and
interaction of AMF both with plant roots
and with distant bacteria (Figure 1).
Time-lapse imaging demonstrated that,
through colonization of the AMF hyphae,
B. velezensis forms a biofilm and
expands along the extraradical
mycelium of R. irregularis and reaches
the plant root more promptly than by
spreading through the soil. Formation of
a sessile biofilm by B. velezensis on the
AMF mycelia depends on the matrix
components®, as observed for B. subtilis
group species”®. Importantly, surfactin
contributes to AMF colonization, and at
the same time boosts cytoplasmic
translocation within the hyphae, while
surfactin is transported by the fungus to
distal regions of the mycelia. Surfactin
displays a plethora of ecological
functions; in addition to its antimicrobial
properties, it facilitates spreading on
semi-solid surfaces and colonization of
the rhizosphere, functions as a paracrine
signaling molecule, induces systemic
resistance in plants against pathogens,
and influences establishment in
microbial communities®'°. Due to its
chemical properties, surfactin can
penetrate lipid membranes and change
fluidity. While surfactin disrupts
intercellular vesicles of A. niger,
including secretory vesicles that are
transported towards the tip of the fungal
myceliume, Anckaert, Declerck et al. did
not observe any alteration of fungal
membrane integrity by surfactin
within the concentration range they
tested.

Facilitation of bacterial spreading
along the surface of fungal mycelia is a
potentially conserved phenomenon
that promotes the maintenance of
mutualism between the interacting
bacteria and fungi, including nutrient
sharing and cross-feeding'""'2.
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Anckaert, Declerck and colleagues
suggest that facilitated spreading
ensures homogeneous distribution of
B. velezensis along the AMF mycelium?®,
unlike the preferential zones along
the plant roots where bacterial
macrocolonies are formed'®. However,
spatial distribution of bacterial cells on
mycelia might be dependent on the
species or condition used, as distal
localization of bacterial biofilm on a
fungal colony has been reported for
the ectomycorrhizal fungus Laccaria
bicolor'®. Imaging fungal mycelia
dynamics during interaction with
bacterial partners is a powerful
tool applied in the last decade to
understand bacterial-fungal
interactions at the single-cell level while
mimicking the structural properties
of soil'®. The work of Anckaert,
Declerck et al. expands on this
approach to discover the mechanistic
details of tripartite interactions among
bacteria, fungi, and the plant host®.

While colonization and spreading
along the extraradical mycelium of
R. irregularis allows B. velezensis to
arrive at a plant root more promptly, the
chemical interaction within this cross-
kingdom system has additional
implications. Surfactin produced by
B. velezensis induces systemic
resistance against microbial infections in
various plants'®. Co-inoculation of
B. velezensis and R. irregularis on tomato
plants increased disease resistance
against the foliar pathogen Botrytis
cinerea compared with the lower
protection observed when the plants
were treated with only the bacterium or
the fungus®. Importantly, B. velezensis
was not present in the phyllosphere,
suggesting that the reduced disease
severity was surfactin-induced immune
activation in the tomato plants,
expedited by AMF. This prime example
of bacterium-AMF-mediated plant
protection against pathogens highlights
the importance of a holistic view,
considering supplementation of bacteria
together with the application of AMF for
promoting crop yield'”, where
understanding the molecular details of
this bacterium—fungus interaction could
facilitate specific engineering of plant
microbiomes.

In summary, the study by Anckaert,
Declerck et al. uncovers a complex

mutualistic interaction between a
rhizobacterium and an AMF towards
promotion of plant growth and health. To
fully understand the interactions in the
hyphosphere, cell biology and natural
chemistry need to be combined, as
presented in this work, in order to reveal
the intricate functionalities of secondary
metabolites in microbial communities.
Future technical developments could
potentially increase the spatial and
temporal resolution of secondary
metabolite detection, including their
transfer and biotransformation in
microbial communities.
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