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Abstract

Root exudates are important mediators of plant–microbiome interactions. Recent pioneering studies on various aerial root plants,
including cereals, have shown that carbohydrate-rich mucilage can enrich diazotrophs and increase host nitrogen utilization and
growth. Moreover, non-diazotrophic “gatekeeper” microorganisms in mucilage help defend against pathogenic and environmental
microbes. These findings highlight the active role of root exudates in mediating plant–microbiome interactions to maintain microbial
homeostasis in the rhizosphere. However, little is known about the specific mechanisms by which root exudates modulate the functional
microbiome and homeostasis in rhizosphere microhabitats. Here, we propose the typical and stable biointeractions of four plant–
specific aerial root mucilage–probiotic systems as a model for understanding root exudate–functional microbiome interaction. We
anticipate that this model can provide fundamental biological insights into rhizosphere interactions.
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Introduction
Roots secrete many metabolites/exudates into the “rhizosphere”
(see Glossary; herein, the rhizosphere includes the aerial/under-
ground areas around the root system), including primary and
secondary metabolites, such as sugars and other photosynthates,
acids, terpenes, alkaloids, and flavonoids [1, 2]. These root
metabolites/exudates are released into the environment to par-

ticipate in a series of rhizosphere processes [3–5], such as shaping
plant–microbiome interactions, plant growth and adaptation.
Studies have shown that root exudates shape the microbiome
which in turn modulates host growth and health [2, 6]. The root
exudate components, especially some benzoxazinoids, flavones,
coumarins, terpenes, and volatile organic compounds (VOCs),
modulate the rhizosphere microbiome to improve plant growth
in adverse environments [2, 7, 8].
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Previous studies have provided insights into specialized root
exudates for their ability to defend against environmental
pathogens and maintain microbial “homeostasis” (see Glossary)
in host habitats and plant health [9, 10]. Microbial homeostasis
may be critical for plant health and stress tolerance, suggesting
that plants have evolved mechanisms to prevent dysbiosis
and support a health–promoting microbiota under stress [11].
However, many questions remain to be explored regarding
how host exudates modulate microbiome assembly, shape the
“functional microbiome” (see Glossary), and maintain microbial
homeostasis.

Advances box

• Root exudates mediate interactions with environmental
microbiota, shaping microbial functions, and promoting
host growth.

• Various aerial root plants secrete carbohydrate-rich
mucilage that provide exudates to feed the func-
tional microbiome, promoting biological nitrogen fixa-
tion (BNF) and enhancing plant growth.

• How root exudates shape the functional microbiome and
maintain microbial homeostasis remain poorly under-
stood.

• To investigate the mechanisms by which the plant func-
tional microbiome is modulated and microbial home-
ostasis is maintained, we propose a novel aerial root
mucilage-functional microbiota system of four plants,
including Poaceae multi–cereal plants, as a model for
studying the interaction mechanism between root exu-
dates and the functional microbiome.

Aerial root mucilage is a typical root
exudate
Aboveground aerial roots carry out respiration, support photosyn-
thesis, and other root biological functions like underground root
[12, 13]. Aerial root tips exude mucilage to protect root tip cells and
help plants enter the soil or climb vertical surfaces of plant/other
supporters. We identified four monocotyledonous and dicotyle-
donous plants (Poaceae and Pink Lady plants) whose aerial roots
secrete a large amount of mucilage exudates in Xishuangbanna,
Southwest China (Fig. 1A). This aerial root mucilage is produced
from plant stems 13–140 cm above the ground and varies from
0.1 cm to >20 cm in length. Recent studies have shown that this
mucilage is rich in primary and secondary metabolites (Table S1),
containing 78.4% polysaccharides, 7.3% proteins, 5.6% minerals,
and 3.1% lipids [14]. In particular, the carbohydrates fucose,
galactose, arabinose, glucose, and special heterogeneous polysac-
charides in Poaceae maize and sorghum are prevalent (Fig. 1B)
[15–17]. Our previous study on dicotyledon plants revealed that
root mucilage is also enriched in flavonoids and saccharides,
significantly differing from underground root exudates, which are
enriched in higher contents of lipids, alkaloids, and phenolic acids
(Figs 2C, S1 and Table S1) [18–19]. However, the specific compound
composition of aerial root mucilage in this special niche has not
been thoroughly analyzed and studied.

Carbohydrate-rich mucilage provides abundant carbon and
nutrients, moist environments, and protective barriers for
microorganisms and biological interactions [20]. In addition, the
high carbon content and low oxygen availability in the mucilage

suggest that this system may involve in microbial interaction and
BNF [5]. Pioneering study has found that the aerial root–mucilage
system can fix atmospheric nitrogen and promote the growth
of multiple plants (Fig. 2A) [15, 18, 21]. Thus, carbohydrate-rich
mucilage-aerial root, which differs from underground rhizosphere
may be related to new biological functions (Fig. 2C). In this work,
we discuss these new biological functions and the maintenance
mechanisms of aerial root mucilage and provide new insights
into the interactions between root exudates and their functional
microbiome.

Diazotrophs are present in the aerial root
mucilage of distinct host plant species
The aerial root mucilage of different plants is enriched in car-
bohydrates and various nutrients, which serve as natural media
for enriching microbial communities. Previously, a pioneering
and systemic study of Mexican maize revealed that aerial root
mucilage was enriched in the bacteria taxa including Raoultella,
Klebsiella, and Azospirillum (Fig. 2A and B) [15, 21–24]. Subsequent
amplicon sequencing and microbial culture analyses revealed
similar microbial community structure across different habitats,
highlighting potential diazotrophs, such as the high-abundance
genera Klebsiella, Herbaspirillum, Microbacterium, and Azospirillum
(Figs 2A and B and S2) [18, 22, 23]. These diazotrophs are widely
used as model systems for studying associative nitrogen fixation
and are well utilized in agricultural production [25]. Furthermore,
studies from around the globe in different plants have shown
that the aerial root–mucilage system can directly fix atmospheric
nitrogen for host utilization and support growth based on micro-
bial functional annotation, BNF assays and molecular evidence
(Fig. 2A) [15, 18, 21–23, 26].

The enrichment of potential diazotrophs in aerial root
mucilage suggests that the mucilage–microbiome system may be
crucial for nitrogen fixation in these plants. Similar diazotrophs
have been isolated from the aerial root mucilage of different
plants worldwide, suggesting that carbohydrate-rich and low-
oxygen mucilage is an ideal niche for diazotrophs (Fig. 2B) [18,
21–23, 27, 28]. However, the mechanisms by which hosts select
these functional diazotrophs and maintain their function in the
rhizosphere mucilage microenvironment remain unclear. There
is a need for specialized experimental models to advance our
understanding of how plant metabolites mediate host–functional
microbiome interactions.

Microbial homeostasis in aerial root
mucilage microhabitats
How host plants modulate their microbial community and
maintain probiotic and pathogen homeostasis to maximize plant
fitness remains a key topic. In the past few decades, studies have
shown that host factors and microbial interactions maintain
microbial homeostasis and host health [29–34]. However, little
is known about the modulatory factors in maintaining microbial
homeostasis. Similarly, how the mucilage microenvironment is
enriched with carbohydrates/carbon nutrients while avoiding
outbreaks of environmental/pathogenic microorganisms, and
maintaining microbial function and homeostasis is worth
considering. We previously found that the microbial diversity
of aerial root mucilage is lower than in rhizosphere and bulk soil,
with a specialized microbial community in mucilage exhibiting
higher abundances of diazotrophic taxa rather than pathogenic
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Figure 1. Four aerial root mucilage plants and mucilage carbohydrate content. (A) Three Poaceae (Zea mays, Sorghum bicolor, and Microstegium Nees are
monocotyledons) and one Melastomataceae vine plant (Pink Lady Heterotis rotundifolia is a dicotyledon), whose aerial roots secrete large amounts of
mucilage in Xishuangbanna (Southwest China). (B) Mucilage carbohydrate content of different plants. For maize studies 1–3 and the sorghum and H.r.
data, refer to Table S1.

and environmental microbes [18] (Fig. 2C). Additionally, the
microbial community structure in maize remains consistent
across different developmental stages and planting sites [27],
suggesting that microbial stability and maintenance of micro-
bial homeostasis maintenance phenomena exist within the
mucilage.

Our previous research demonstrated that microbial home-
ostasis in the mucilage microenvironment is driven by internal
members: a gatekeeper (police) fungus can specifically defend
against both pathogenic and environmental microbes rather
than sympatric diazotrophs [18]. This establishes a beneficial
partnership within the aerial root mucilage microhabitat. The
“gatekeeper microbe” (see Glossary) and specific mucilage
compound (although not at physiologically relevant concen-
tration) have antibiotic functions against specific microbes
[18]. This finding deepens our understanding of the role of
microbial homeostasis in the protection of the functional
microbes and host plant adaptation. Therefore, it is necessary
to focus on the modulatory mechanisms of the functional

microbiome and homeostasis in rhizosphere microhabitats.
Mucilage as a special rhizosphere microenvironment provides a
new perspective for studying stable biointeraction and microbial
homeostasis.

New model of root exudate–rhizosphere
functional microbiome interactions
The interaction between host specialized metabolite and the
microbiome is a key factor in modulating rhizosphere microbiome
assembly. Understanding the mechanism by which root exudates
shape and modulate the plant-associated microbiomes is critical
for ensuring plant growth and health. Based on the typical and
stable interactions of aerial root mucilage-functional microbiome
in multiple hosts and areas [15, 18, 21], we propose the aerial
root mucilage-probiotic system as a new model for studying root
exudate–functional microbiome interactions. In this model, three
Poaceae monocotyledons and one Melastomataceae dicotyledon
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Figure 2. Comparison of the metabolites and microbiome of aerial root mucilage and underground rhizosphere. (A) Aerial root mucilage diazotroph
system of monocotyledon (Poaceae crops) and dicotyledon (Melastomataceae) plants. These plants could secrete mucilage from aerial roots to enrich
diazotrophs for nitrogen fixation and plant growth (up to 54.8%–82% of BNF). (B) Core diazotrophic taxon of different aerial root-mucilage-plants.
These diazotrophs are derived from published data of Poaceae crops, and we have isolated them from the mucilage of four plants species. (C) Analysis
of different compounds in aerial root mucilage and underground root exudates. Note: The Poaceae diagram was referenced from Guo [19] and modified
again.

vine plant (Pink Lady) were used to identify the similarities and
differences in metabolites and microbiome in the aerial root
mucilage and underground rhizosphere (Fig. 3A). The functional
microbiome contains probiotics and gatekeeper microbes,
which either serve as diazotrophs or help maintain microbial
homeostasis in the aerial root mucilage microhabitat.

Our scientific hypotheses and proposed solutions for this
model involve four primary criteria: (i) Identify commonalities in
mucilage metabolites and microbiome to establish connections

between root exudates and the functional microbiome: analysis
of common metabolites and core microbiome in different
aerial root mucilage-plants. The differences in exudates and
microbiome between mucilage and underground rhizosphere
microenvironment can also provide clues for finding functional
components (Fig. 3A—[1]). (ii) Validate interactions between root
exudates and the functional microbiome by linking metabolites
to microbiome functions, demonstrating how exudates shape
probiotics, and how the functional microbiome metabolizes
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Figure 3. Proposed model of root exudate–functional microbiome interactions and research approach. (A) Linking the functional components of
exudates and the functional microbiome of mucilage. Analyzing the metabolites compounds and microbiome components of aerial root mucilage in
four different plant species to identify common components, and analyzing the differences components of metabolites and microbiome between
aerial root mucilage and underground root exudates of the same species to identify the unique components of aerial root mucilage. Finally, validating
the interactions between common and differential components of metabolites and microbiome. (B) The exudate (mucilage) microenvironment and
gatekeeper microbes play crucial roles in maintaining homeostasis, which helps the functional microbiome enrichment and defense against pathogen
invasion. (C) Microbial interactions mediated by mucilage compounds. Mucilage, as a typical carbohydrate, can be used by different microbiome.
Mucopolysaccharides, carbohydrates, flavonoids, and defense (antimicrobial substances) can be secreted into the environment by different
transporters in the host root system to cause microbial utilization and mediate microbial interactions. At the same time, the host uses nitrogen
transporters to assimilate nitrogen (ammonium and nitrate) which fixed by mucilage diazotrophs to further synthesize amino acids. In addition,
microbial metabolites may be used or defend other microbial members, leading to different microbial interactions.
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mucilage components (Fig. 3A—[2]). (iii) Identify the functional
composition of the mucilage microenvironment, including
key metabolites and microbiome that modulate functional
microbiome and microbial homeostasis (Fig. 3B). (iv) Analyse
the evolution of aerial root mucilage formation and microbial
interactions in multiple plants from an eco-evolutionary perspec-
tive (Fig. 4). Multi-omics methods (transcriptome, metabolome,
and microbiome) combined with experimental verification
can be used to investigate the interactions between host–
mucilage metabolites and microbiome, elucidating modulatory
mechanisms and microbial homeostasis in the rhizosphere
niche. This model provides a new perspective on the microbial
functions and maintenance mechanisms of specific exudate
mucilage and rhizosphere microenvironments, and helps identify
host modulatory factors and microbial interactions shaping the
microbial community, function and homeostasis (Fig. 3).

Linking functional exudate components
and the functional microbiome
Identifying the key metabolites of root exudates and their modu-
latory mechanism on the functional microbiome is important for
plant health and growth. Our model provides a new perspective
for identifying the key mucilage compounds that modulate the
functional microbiome and/or defend against pathogenic and
environmental microbes. These special exudate components are
defined as the “functional metabolites” (see Glossary), similar
to flavonoids, which are essential plant signaling molecules
that modulate legume symbiosis with rhizobia, and shape the
interaction between the root-associated microbiome in nonlegu-
minous plants [35–37]. A pioneering study showed that flavonoids
secreted by maize roots recruit specific microbes, such as
Oxalobacteraceae, to promote root development and plant growth
under low-nitrogen conditions [7]. This suggested that flavonoids
may be important components of nonleguminous root exudates
by recruiting associated diazotrophs (plant growth-promoting
bacteria, PGPR, or diazotrophs). Moreover, rice root exudates, such
as apigenin and flavonoids, induce nitrogen-fixing bacteria to
produce biofilms and enhance nitrogen fixation and promote
host growth [38]. Transcriptome data from mucilage-producing
aerial roots further revealed elevated expression of genes involved
in flavonoid synthesis and carbohydrate metabolism than non-
mucilage aerial roots (unpublished). Therefore, to clarify the
mechanisms of plant–functional microbiome interactions, driven
by host produced-metabolites, we propose using the aerial root
mucilage probiotics of four plant species as a novel model to study
the crucial interactions between functional metabolites and the
microbiome, and to determine how probiotics are selected within
this system (Fig. 3A).

In this exudate–functional microbiome interaction model,
one type of functional metabolite defined as an “attractant” is
an exudate compound or nutrient that enriches the functional
microbiome (Fig. 3B). These specialized metabolites can increase
the abundance of selected functional microbiome members in the
rhizosphere. Our previous study provided a list of candidate “mod-
ulator” functional compounds in mucilage microenvironments,
including flavanols (e.g. epigallocatechin-3-gallate, epicatechin,
naringenin-7-O-neohesperidoside, and naringin), tannins (e.g.
gallic acid), amino acids and derivatives (e.g. L-tyrosine, L-
proline, L-homoserine, L-threonine, L-tryptophan, L-valine,
trans-4-hydroxy-L-proline, O-acetylserine), and carbohydrates
[18]. Moreover, pioneering opinions listed candidate

mucopolysaccharides involved in these interactions and explored
their potential applications in sustainable agriculture from
an engineering perspective [39]. These functional compounds
and mucilage mucopolysaccharides may replicate optimal
rhizosphere environments to maintain specific microbiota, such
as the functional diazotrophs. They provide essential carbon
and nitrogen sources, supporting the functional microbiome
metabolism, and facilitate basic colonization mechanisms within
the root mucilage microenvironment [5]. To assess whether these
compounds can stimulate microbial proliferation and biofilm
formation, thereby improving stable colonization, further studies
are needed (Fig. 3C). These compounds can be utilized by the
functional microbiome through potential cross-feeding processes.
Experiments using in vivo/vitro systems and synthetic microbial
communities (SynComs) can help verify these interactions
(Fig. 3C). Pioneering insights have provided information related
to the molecular mechanisms of plant–functional microbiome
(such diazotrophs) interactions [39], suggesting the importance
of exploiting the power of plant metabolites in the design of
mucilage functional diazotrophs associations.

Mucilage, rich in carbohydrates, creates a natural medium
and ideal ecological niche for the functional microbiome, but it
may also be susceptible to pathogenic and other environmental
microbes. One important scientific question is how the mucilage
microenvironment maintains microbial homeostasis, promoting
functional microbe colonization, while preventing pathogen inva-
sion (Fig. 3B). Studies have shown that specific root exudates
modulate microbial communities and prevent pathogenic inva-
sion [7, 33, 40, 41]. This model provides new clues for iden-
tifying specific functional metabolites that act as attractants
for the functional microbiome (such as prebiotics and signaling
compounds), while also functioning as defense compounds with
antibacterial activities against pathogens. For instance, in legume-
rhizobia symbiosis, flavonoids exudates not only recruit rhizobia
but also inhibit other microbes in the rhizosphere [42]. Our model,
along with previous studies, have provided a range of candidate
defense compounds, such as naringenin-7-O-neohesperidoside
(Naringin), stearic acid, α-linolenic acid, γ -linolenic acid, quinic
acid, ursolic acid, choline, spermine, sallic acid, flavonoids, and
phthalic anhydride [18]. In summary, mucilage may contain func-
tional attractor compounds and antimicrobials defense metabo-
lites. Plants synthesize these functional compounds and secrete
into the rhizosphere by root transporters (Fig. 3C). At the same
time, the host uses other element transporters to assimilate and
absorb nutrients provided by rhizosphere functional microbiome.
The proposed study model will contribute to expand and define
these candidates.

Mucilage metabolites may first originate from host plants
and then be metabolized to other metabolites by various
microorganisms (Fig. 3C), highlighting the importance of con-
sidering dynamic metabolites composition and cross-feeding
within the mucilage microbiome. Mucilage shares physical and
chemical properties with extracellular polymeric substances
(EPS), providing a protected habitat for nutrient mobilization [20].
Its composition and function may also resemble mammalian
gut mucus, which contains mucins, milk oligosaccharides, and
glycoconjugates. Moreover, mucilage diazotrophs such as Azospir-
illum may decompose complex polysaccharides into carbon
sources for energy by glycosyl hydrolases [5]. Our model provides
insights into how the microbial community can be modulated
by carbohydrates, metabolites, and interactions, such as cross-
kingdom and cross-feeding processes (Fig. 3C). Future studies
could exploit these microbial interactions, particularly those
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Figure 4. Occurrence and evolution of aerial root-mucilage-microbiome traits in plants. (A) Multiomics approaches, including genome, transcriptome,
metabolome, and microbiome analyses, were used to investigate the formation of aerial root, the compounds and function of aerial root mucilage in
monocotyledon (Poaceae) crops. The microbiome can be regarded as the second genome of the host plants and special traits. The potential host genetic
factors modulating the functional microbiome can be identified by GWAS. The Poaceae diagram was referenced from Guo [19] and modified. (B)
Multiomics sequencing data of three aerial root mucilage dicotyledon (Melastomataceae) plants. These small plants with aerial roots can be further
used for nitrogen isotope labeling experiments.
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between mucilage-breaking down microbes and other functional
microbiome.

Microbial interactions shape microbiome
homeostasis
An alternative explanation for how the microenvironment main-
tains homeostasis is through selective suppression, where certain
microbes suppress undesirable environmental microbes while
allowing sympatric functional microbes. However, studies on the
microbial interactions driving homeostasis in the rhizosphere
remain limited, and mechanisms governing this balance are not
well understood. An important topic is microbial homeostasis and
dysbiosis, although the causal relationship between ecological
improvement and host health status remains poorly understood
[11, 43]. In the aerial root mucilage system, considering only how
the mucilage microenvironment maintains microbial homeosta-
sis simplifies the experimental design, as the impact on host
health can be set aside; mucilage itself may serve as a physical
barrier.

Therefore, this exudate model provides a microecological per-
spective on sympatric microbial interactions that drive home-
ostasis between functional and pathogenic microbiomes (Fig. 3B).
The carbohydrate-rich composition of the root mucilage micro-
habitat provides an ideal study model and a natural medium to
explore this topic in depth. Identification of the key gatekeeper
microbes that protect against pathogens and interact with sym-
patric diazotrophs is highly valuable for understanding the micro-
bial homeostasis of the rhizosphere microenvironment. More-
over, colonization resistance, a collective property of microbial
communities, can emerge through the synergistic action of mul-
tiple strains [44]. Making it necessary to understand whether
microbial interactions in the mucilage niche involve cooperation
(e.g. enhanced mucilage utilization or functional cooperation),
or antagonism (e.g. pathogen defense) and other cross-kingdom
interactions [44–46]. The beta diversity of the microbial com-
position was determined using the Anna Karenina Principle to
identify the functional status, dysbiosis and the core components
of microbial homeostasis in the mucilage microbiome [43]. There-
fore, probiotics, gatekeeper microbes and environmental microbes
isolated from mucilage can be used to establish a SynCom for
studying microbial homeostasis and sympatric biointeractions
(Fig. 3B and C).

The synergistic effects of host-specific compounds (root
exudates) and the functional microbiome can be further
explored to clarify the potential contributions of host metabolite
and microbiome interactions to maintain homeostasis in the
rhizosphere microenvironment (Fig. 3C). For example, root
mucilage, which provides a biofilm-like environment similar
to EPS, facilitate bacterial communication and function in the
rhizosphere. This highlights the potential of plant mucilage to act
as a biofilm [20]. As mentioned above, the interactions between
mucilage metabolites and breakdown microbes, the functional
microbiome, and other environmental microbes in this model
deserve further attention (Fig. 3C). These relationships may be
common in plant–microbiome interactions, with fundamental
practical implications.

Evolution of aerial root mucilage and
coevolution of the plant microbiome
The mechanisms of host control of the microbiome are diverse
across different plant and animal species [47, 48]. Evolutionary

biologists have focused on the occurrence and evolution of plant
organs to obtain more information about the coevolution of
plant–microbe symbionts adapting to the environment. Similarly,
botanists and microbiologists have attempted to elucidate
the evolution of rhizobial symbioses, arbuscular mycorrhizal
symbionts, and microbial adaptations to plants [48–52]. However,
it is not clear how the plant-associated microbiome was
constructed during plant evolution and microevolution (including
plant–microbiome microevolution of artificial domestication).
Compared with the gut microbiome research, few studies have
identified the dynamic processes and cascade effects of the
interactions among host plant genes (e.g. “the microbiome genes”,
or “M genes”; see Glossary), root exudates, and the functional
microbiome in plants, and the underling mechanisms are still
unclear. Aerial root mucilage, as a specialized root exudate with
similarities to intestinal mucilage, offers a potential avenue for
future exploration.

Little is known about the effects of plant phylogeny and trait
evolution on the dynamics of host–microbiome coevolution. And
the host genetic regulators and mechanisms used by plants to
control aerial root mucilage (or root exudates) and the abundance
of beneficial microbes are largely unknown. Previous studies
found that one key ZmSBT3 gene and a UDP-glycosyltransferase
gene are negative regulators of mucilage secretion and nitrogen
fixation in maize and sorghum roots [17, 26]; and one gene
has also been reported to be involved in mucilage secretion by
the seed coat in Arabidopsis thaliana [53]. In these maize and
sorghum studies, aerial root and mucilage production were used
as a plant trait factor to identify potential regulatory factors via
genome–wide association study (GWAS) [17, 26]. Unfortunately,
this aerial root mucilage trait may gradually lost during maize
domestication [15, 17, 26]. Only a limited number of modern
maize inbred lines (such as HN5-724) retain this trait [26]. Thus,
it is necessary to investigate the genomic–phenotypes effect
of many modern and ancient varieties and wild species and
to identify the potential processes regulating other interaction
traits (e.g. microbiome). In addition, the identification of host
genetic elements associated with the plant–microbe interaction
is an ongoing topic of plant–microbe interaction research.
Multiple studies have used different plant and genome-wide
association analyses to identify potential key host regulators
[54–57]. Therefore, we further proposed a potential evolutionary
biology model for the occurrence and evolution of this trait of
the aerial root mucilage microbiome in monocotyledon (Poaceae
crops) and dicotyledon (Melastomataceae) plants (Fig. 4).

In this plant–functional microbiome coevolution model, we
identified those plants whose aerial root development and
mucilage production traits were selected as candidates. For
example, sorghum and maize with different aerial root/mucilage
traits and their wild species, farm varieties and cultivars in Poaceae
crops (Fig. 4A—[1]), and three related Melastomataceae plants
with similar traits were selected as study materials (Fig. 4B).
We proposed the aerial root mucilage-microbiome-system as a
special host developmental trait and linked the host genome,
gene expression, metabolite synthesis and transport, and other
multitrait analyses to identify the potential cascade effect of
the host genotype–functional gene–root exudates regulating the
plant-associated microbiome. In this model, four related types
of plants, with or without aerial roots, presented different aerial
root mucilage traits and exhibited changes in the same habitat
(Fig. 4A—[2]).

Manipulating the microbiome to improve host growth and
health is challenging. The model also included identification of
the “microbiome genes” (“M genes”, see Glossary). The large number
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of gramineous genomes, metabolome, and genetic transformation
system will provide insights into M genes and the identification
of trait occurrence in aerial root–mucilage and mechanisms
involved in host–microbiome interactions. In addition, the short
generation time also means that microbiome can rapidly evolve
and undergo genetic changes within its population during the
lifetime of the host, and the properties of the host microbiome
selected by the mucilage environment, such as the ability to
metabolize carbohydrates mucilage and that favor the host,
warrant further consideration [47].

These Melastomataceae small plants with aerial roots can
be further used for nitrogen isotope labeling experiments and
multiomics assays to determine the contribution of mucilage–
functional microbiome to plant nitrogen uptake and potential
molecular and physiological evidence for the occurrence of aerial
root mucilage traits [18]. For example, genome, microbiome,
(meta) transcriptome, and metabolome samples from three
related dicotyledonous plant species were selected for sequencing
and analysis (Table S2). This model will help us understand the
occurrence and evolution of aerial root mucilage traits in plants
and relate them to clues about the host’s regulatory effects on
the microbiome. This concept could be expanded to include
Poaceae crops in the future, thereby increasing its universality
and application potential.

Outstanding questions box

• The Poaceae plants are an ideal group for extending this
model, and additional research on their root develop-
ment, exudates, and functional microbiome is impera-
tive to update the model.

• How should the host exudates be altered to more effi-
ciently modulate functional microbiome that increase
plant growth and health? In addition, is there a circadian
rhythm in aerial root-mucilage exudates and micro-
biome?

• Can natural plant functional metabolites (exudates) be
utilized more effectively, such as in the form of seed
coatings?

• Can aerial root mucilage diazotrophs be utilized to aug-
ment the nitrogen uptake efficiency of cereal crops?

Concluding remarks and perspectives
Root exudates are important interfaces for host–microbiome
interactions. However, the functional interactions mediated by
root exudates are not fully understood. The aerial roots of many
wild plants and cereal crops, such as maize and sorghum, can
secrete large amounts of mucilage which is a specific type of
root exudates, but has been a neglected biological phenomenon.
Previous studies have shown that mucilage, which is rich
in carbohydrates and potential antibiotics, provides an ideal
niche for diazotrophs, and defense against pathogen invasion.
Moreover, there also seem to be gatekeeper microbes in mucilage
that can help the host resist the invasion of pathogenic and
environmental microbes. However, how these diazotrophic and
gatekeeper microbes are recruited by the host and how they
function to maintain the homeostasis of the microenvironment
remain unclear. To answer these scientific questions, we propose
a research model based on aerial root mucilage probiotics,
which are typical root exudate–functional microbiome. To

identify special metabolites that recruit or shape the special
and functional microbes in the special niche of the aerial root
mucilage microenvironment. Herein, we propose the aerial root
mucilage probiotics system as a novel model for identifying
the crucial interactions between functional metabolites and
the probiotic microbiome and for determining how probiotics,
including diazotrophic and functional microbiomes, are selected
for use in this system.

Overall, this special model provides new insight into how plants
engage with probiotics while restricting pathogens through root
exudation. Similarly, the new biological functions of aerial roots
and the traditional definition of the rhizosphere should be further
considered. We hope that the aerial root mucilage–functional
microbiome study system will provide basic biological insights
into biological interactions.

Glossary
Rhizosphere: The environmental zone (∼1–3 mm) around roots,
which includes exudates and microbiota. In this study, the rhi-
zosphere includes the underground or aerial root system in the
surrounding soil and aerial environment.

Homeostasis: The original definition of homeostasis is a self-
regulatory process in which a biological system tends to remain
stable while adjusting to optimal survival conditions. Herein,
homeostasis here refers to the combination of host factors and
functional microbiota that shape the dominant diazotrophs in the
mucilage system rather than the massive proliferation and “large
burst” of pathogenic and other environmental microbes. The sta-
ble interactions between host plants, the functional microbiome
and environmental microbes: this definition also implies that
there are stable interactions between host plants, the functional
microbiota, and environmental microbes.

Functional microbiome: Microbes that promote host plant
growth and defense against pathogens and can be equated with
functional probiotics. These microbes can be defined as a group
that consists of diazotrophs and pathogen defense (biocontrol
or gatekeeper microbes) bacteria and fungi in the aerial root
mucilage probiotic system.

Functional metabolites: Key root exudate compounds that
“recruit” or enrich functional microbiota (prebiotics) and/or
defend against pathogenic and environmental microbes (antibi-
otics) and can regulate the rhizosphere microbial community and
homeostasis.

Gatekeeper/police microbes: Microbes that inhibit unwanted
pathogenic and environmental microbes and are friendly to the
host and the sympatric functional microbiota. These strains can
be used as biocontrol strains in agricultural applications.

Microbiome gene (M gene): Gene targets for host regulation
of plant-associated microbial communities. Plant microbiome-
modulating genes may be distributed and conserved in multi-
hosts, hence they are referred to as “M-gene”.
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