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ABSTRACT

The future of agriculture is uncertain under the current climate change scenario. Climate change directly
and indirectly affects the biotic and abiotic elements that control agroecosystems, jeopardizing the safety
of the world’s food supply. A new area that focuses on characterizing the phytobiome is emerging. The phy-
tobiome comprises plants and their immediate surroundings, involving numerous interdependent micro-
scopic and macroscopic organisms that affect the health and productivity of plants. Phytobiome studies
primarily focus on the microbial communities associated with plants, which are referred to as the plant mi-
crobiome. The development of high-throughput sequencing technologies over the past 10 years has
dramatically advanced our understanding of the structure, functionality, and dynamics of the phytobiome;
however, comprehensive methods for using this knowledge are lacking, particularly for major crops such
as rice. Considering the impact of rice production on world food security, gaining fresh perspectives on the
interdependent and interrelated components of the rice phytobiome could enhance rice production and
crop health, sustain rice ecosystem function, and combat the effects of climate change. Our review re-
conceptualizes the complex dynamics of the microscopic and macroscopic components in the rice phyto-
biome as influenced by human interventions and changing environmental conditions driven by climate
change. We also discuss interdisciplinary and systematic approaches to decipher and reprogram the so-
phisticated interactions in the rice phytobiome using novel strategies and cutting-edge technology. Merg-
ing the gigantic datasets and complex information on the rice phytobiome and their application in the
context of regenerative agriculture could lead to sustainable rice farming practices that are resilient to
the impacts of climate change.

Key words: artificial intelligence, climate change, rice microbiome, rice phytobiome, microbial ecology, rhizo-
sphere engineering
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INTRODUCTION

The world’s population is predicted to reach 9.7 billion by 2050
(UN, 2017). To meet the demand for food, crop productivity
should rise by 60%-100% (Hunter et al., 2017). Climate change
and catastrophes linked to it directly affect the biotic and
abiotic elements that control agroecosystems by altering
temperatures and precipitation patterns, while indirectly
influencing pest dynamics, soil quality, and water resource
management. These changes collectively impact the microbial
communities, plant health, and overall productivity of

agroecosystems, thus jeopardizing the safety of the world’s
food supply (Challinor et al., 2014; Dresselhaus and
Huckelhoven, 2018; CHANGE, 2019; Raza et al., 2019).
Meanwhile, more than 50% of the world’s population
consumes rice (Ding et al., 2014). Rice is grown in regions that
already experience several climatic extremes and are
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susceptible to them (Zhu and Troy, 2018; Vogel et al., 2019). Any
interruption to rice as an essential food source could have serious
consequences. One novel approach to mitigating the costs of
climate change in the rice system is understanding and
exploiting the rice phytobiome and its interrelated components
that could have crucial roles in coping with the impacts and
hazards of climate change.

The term phytobiome refers to the entire system of plants, the
environment in which they grow, and all the species that live there
(Leach et al., 2017). Dynamic phytobiome interactions between
biotic and abiotic elements maintain agroecosystems and
natural ecosystems. Through various processes, including
nutrient recycling, competition for resources, antagonism, and
chemical signals, the phytobiome complex interacts with other
members of its network, including microorganisms, the
environment, and host plants, to preserve ecological harmony
in the phytobiome. In addition to maintaining natural
ecosystems, the phytobiome can contribute to the
development of crops with increased yield, disease resistance,
and ecological adaptability (Leach et al.,, 2017; Trivedi
et al., 2020).

The main focus of phytobiome studies, among the biotic vari-
ables, is the plant microbiome, which refers to the microbial pop-
ulations connected to plants (Trivedi et al., 2020; Chouhan et al.,
2021a). As in the human body, microorganisms inhabit the
majority of plant components, including the root, leaf, stem,
and flower, and they interact to influence the health of the plant
(Chouhan et al., 2021b). The direct and crucial effects of the
plant microbiome on plant production and health have been
brought to light by recent studies (Trivedi et al., 2020; Chouhan
et al., 2021a). This has given rise to proposals for different
methods of using plant microbiomes to improve sustainable
farming techniques by boosting nutrient availability and nutrient
use efficiency, as well as boosting defense against diseases
and pests (Singh et al.,, 2018; Verma, 2018). The species of
plants, their tissues and developmental phases, and the
environments in which they grow affect the makeup of plant
microbiomes (Fitzpatrick et al., 2020) and vice versa. Microbes
can benefit host plants via modulation of biochemical and
molecular  signals; mineralization of organic matter;
improvement of nutrient acquisition and uptake; P-
solubilization; Fe-chelation of heavy metals and organic
pollutants; pathogen defense and antagonism; induction and
stimulation of resistance to diseases and abiotic stresses;
enhancement of drought tolerance; and improvement of rice
physiological properties, biomass production, and grain yield
(Palmer et al.,, 2023). However, some microbes, particularly
pathogenic ones, can have detrimental effects such as
irreversible damage to and diseases in host plants. Others such
as rhizobia, mycorrhizal fungi, and actinomycetes can
decompose root nodules, thus diminishing nutrient uptake and
mobilization efficiency and leaching plant nutrients. All the
components of the phytobiome have a microbiome, which
includes their co-evolving interactions, and there is a continuous
link among them (Girard et al., 2023).

High-throughput sequencing (HTS), also known as next-
generation sequencing, and omics approaches such as
metagenomics, metaproteomics, metabolomics, and meta-
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transcriptomics have facilitated analyses of the functions of
microbial communities and microbial diversity in sophisticated
environmental samples. HTS-based research can also be per-
formed on microbial communities associated with plants to fully
understand their involvement in supporting the health and fitness
of their host plants. Recently, scientists have been concentrating
on the newest frontier of metagenomics to develop a comprehen-
sive database of phytobiomes alongside other omics technolo-
gies to better understand interactions between the plant micro-
biome and its environment, as well as within the plant system.
To boost our understanding of and research on the dynamics,
signaling, and interactions of the rice phytobiome and decipher
this super-high complexity, an interdisciplinary and systematic
approach to deciphering the rice phytobiome is needed. This
can be accomplished using novel approaches such as machine
learning (ML), deep learning (DL), and genome editing (Zhan
et al., 2022). Our review decodes the complex interactions
within the rice phytobiome, offering insights into their practical
significance as well as highlighting novel cutting-edge technolog-
ical approaches with future perspectives to harness their poten-
tial applications for rice improvement and food security in the face
of climate change.

RICE PHYTOBIOME NETWORK

The rice phytobiome is formed by an intricate network of interde-
pendent and interrelating communities of micro- and macroor-
ganisms and their environment. A rice plant co-exists and
dynamically interacts with different groups of organisms, each
with its own organizations, functions, and levels of complexity,
and each displaying a range of lifestyles, such as mutualistic,
pathogenic, and commensal relationships. Each member of the
phytobiome interacts with the rice plant, relying on it as a host
and source of resources necessary for survival. In turn, members
can benefit or negatively affect the rice plant by aiding its growth
and stress tolerance or competing with it for available resources.
Neutral interactions occur when the presence of certain phyto-
biome members does not have a noticeable impact on the rice
plant. These complex interactions are dynamic and are greatly
influenced by climatic, edaphic, and other environmental factors.
Figure 1 offers a comprehensive picture of the complex biotic
components, communication signals, and intricate interactions
in the rice phytobiome system, as well as all evident climatic
and edaphic factors that influence the overall health, fitness,
and stress resilience of the rice plant and the sustainability of
the rice ecosystem. A comprehensive understanding of
interactions and signaling in the rice phytobiome could lead to
innovative strategies that could enhance rice crop health and
help sustain rice ecosystem production, including helping to
combat the effects of climate change.

MICROBIOME AND MACROBIOME
COMPONENTS

A vital component of the rice phytobiome is the plant microbiome
(Trivedi et al., 2020), which refers to the diverse microbial
communities that colonize the rice phyllosphere (the seeds,
endosphere, and aboveground plant parts) (Sohrabi et al.,
2023) and rhizosphere (the soil region surrounding the rice
roots) (Fitzpatrick et al., 2020). The microbial communities of
each rice compartment are outlined, with examples of taxa and
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Figure 1. Complex interactions in the rice phytobiome network.
The rice phytobiome network is composed of a community of microorganisms (bacteria, fungi, and viruses) that colonize rice plant compartments (seed,
phyllosphere, endosphere, rhizosphere) and soil and macroorganisms (arthropods, weeds, rodents, birds, vertebrates, and other phytobiome influ-
encers); these organisms interact via communication signals (e.g., phytohormones, phytoalexins, allelochemicals, pheromones, QS autoinducers, VOCs,
Myc factors, AHL) and are influenced by climatic and edaphic factors (e.g., atmospheric gases, soil texture, soil aeration) and management practices
(e.g., application of chemical pesticides and fertilizer, cultural practices).
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some of their functions, in Supplemental Table 1. The ecological
mechanisms behind the formation of microbiomes in various
plant compartments are poorly understood. Recent data have
revealed that some plant microbiome taxa, referred to as the
core microbiome, are present in samples of most plant species,
regardless of geographic, climatic, or management factors
(Hamonts et al., 2018). It is hypothesized that although seed
transmission of microbial taxa can occur, most taxa are derived
from the surrounding bulk soil. Plant genotypes, environmental
factors, and management techniques effectively filter the bulk
soil microbiome, leaving a subset of plant-associated microor-
ganisms that constitute the plant microbiome (Edwards et al.,
2015). The network of the plant microbiome is intricate and
interwoven. Hub taxa, which refer to the microbes that are
identified as nodes in network analyses and thus correlated to a
large number of other taxa, could be a primary target for in situ
control of the plant microbiome to enhance sustainable
production, because any changes in this area can substantially
affect both the core and whole-plant microbiome (Singh et al.,
2018). Hence, recognizing the composition and dynamics of the
rice microbiome across rice compartments is essential for
improving rice productivity and disease management and
developing climate-resilient rice in sustainable rice systems.
Aside from the diverse microorganisms that coexist in the rice
phytobiome are found the more prominent and visible organisms,
termed macroorganisms, including beneficial and harmful in-
sects, arthropods, mollusks, earthworms, snails, rodents, birds,
and other vertebrates that affect rice production, biodiversity,
and ecosystem functioning. Figure 1 and Supplemental Table 1
display an overview of phytobiome components at the macro
and micro levels.

RICE PHYTOBIOME SIGNALING AND
INTERACTIONS

Dynamic interactions facilitated by various communication sig-
nals occur within the rice phytobiome that directly or indirectly in-
fluence rice plant growth, development, and stress response to
environmental challenges, as well as overall rice ecosystem func-
tioning. In this section, we discuss the intricate signaling and in-
teractions between rice and all biotic components that shape
the composition and function of the rice phytobiome and can
be manipulated to enhance rice plant health and productivity
and improve rice resilience to climate change.

Phytohormone and secondary metabolite signaling in
the rice phytobiome

Phytohormones and secondary metabolites are the communica-
tion signals that plants produce to interact with other organisms
and their environment and to respond to various stimuli
(Supplemental Figure 1). The synthesized phytohormones and
secondary metabolites are released into the surrounding
environment via volatilization, foliar leaching, root exudation,
decomposition of plant residue, and debris incorporation into
soils (Chou, 1990).

Plants have developed a network of signaling events that activate
defense responses by producing defensive compounds. Micro-
organisms are perceived by plants when microbe-associated
molecular patterns (MAMPs) are detected by pattern recognition
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receptors (PRRs) on the host-plant surface, thus activating
MAMP-triggered immunity. PRRs also perceive damage-
associated molecular patterns that are produced post-infection
to initiate defense mechanisms (Boller and Felix, 2009). In rice,
the key regulators of plant response to pathogen attacks and
microbial colonization are the plant hormones salicylic acid
(SA), jasmonic acid (JA), abscisic acid (ABA), and ethylene (ET)
(Pieterse and Van Loon, 1999; Avanci et al.,, 2010; Yamada
et al.,, 2012). JA and ET regulate responses to necrotrophic
pathogens, whereas SA mediates defense against biotrophic
pathogens (Glazebrook, 2005). JA signaling plays an important
role in the defense responses of rice against bacterial blight
caused by Xanthomonas oryzae pv. oryzae (Yamada et al.,
2012). OsWRKY13, an activator of the SA-dependent pathway
and a suppressor of JA-dependent pathways, mediates rice
resistance to bacterial blight and fungal blast (Qiu et al., 2007).

Phytoalexins are plant-produced inducible secondary metabo-
lites that possess antimicrobial activity toward phytopathogens
(Ahuja et al., 2012; GroBkinsky et al., 2012). Diterpenoid
phytoalexins are implicated in defense against parasitic
nematodes and alteration of nematode communities in the rice
rhizosphere (Desmedt et al.,, 2022). The diterpenoids
momilactone A and B were identified as phytoalexins in rice
leaves infected with Magnaporthe oryzae (blast fungus)
(Cartwright et al., 1981). Other diterpenoid phytoalexins (e.g.,
phytocassanes, oryzalexins) have been identified in rice with
pathogen infections (Akatsuka et al., 1985; Kato et al., 1993;
Koga et al., 1995). The flavonoid sakuranetin, a key phytoalexin
in rice that shows strong antimicrobial activity, accumulated to
high levels in leaves in response to blast infection (Kodama
et al., 1992). Phytoalexins and oxylipins also govern host-fungal
pathogen interactions by acting as signals that
modulate sporogenesis and mycotoxin biosynthesis (Gao and
Kolomiets, 2009).

Volatile organic compounds (VOCs) emitted by plants have been
shown to attract beneficial microbes, such as plant growth-
promoting rhizobacteria (PGPR), and induce systemic resistance
against pathogens (Liu and Brettell, 2019). Moreover, plants that
mimic fungal VOCs can attract beneficial insects such as
pollinators (Kaiser, 2006). Other plant volatiles suppress
pheromone signaling by decreasing the responsiveness of
insect olfactory neurons (Hatano et al., 2015).

Root exudates are composed of amino acids, organic acids,
sugars, and secondary metabolites that are secreted by plants
into the rhizosphere through diffusion, ion channel pumping,
and vesicle transport (Lyu and Smith, 2022). Rice root
exudates affect the chemical and physiological characteristics
of the soil, the microbial community, and the growth of other
competitive plant species in the rice phytobiome. Numerous
root exudates transmit rhizosphere signals (e.g.,
strigolactones, coumarins, flavonoids), thus influencing nearby
plants and rhizosphere microbial populations (Badri and
Vivanco, 2009; Asaf et al., 2020). In addition, root exudates
facilitate the physicochemical adaptation of plants to the soil
environment, offering nutrients for the early colonization of soil
microbial populations. Therefore, root exudates aid plant
biological adaptability in soil environments by enlisting
bacteria that improve the rhizosphere.

4 Plant Communications 5, 101078, December 9 2024 © 2024 The Author(s).
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Allelochemicals are specific types of secondary metabolites
released by plants that influence the growth, survival, and repro-
duction of other organisms (Mizutani, 1999). Allelopathic rice
varieties release allelochemicals that may exert inhibitory or
stimulatory effects on germinating weed seeds, affect the
activity of microbial and pathogenic diversity in the rice
phytobiome, and modify soil characteristics (Amb and
Ahluwalia, 2016). Allelochemicals produced by rice are highly
influenced by the interaction of rice with specific
microorganisms, such as myxobacteria in the rhizosphere (Qu
and Wang, 2008; Lin, 2018). Allelochemicals can also
manipulate microbial ecology by influencing rhizosphere
microbes and plant pathogens (Einhellig, 1995). In addition, the
soil microbiome can directly or indirectly affect allelopathic
interactions between rice and weeds, as the activity of soil-
dwelling microorganisms can speed up the conversion and modi-
fication of allelochemicals. These processes can alter the chem-
ical and biological characteristics of the allelochemicals, possibly
making them more effective, dormant, or even detrimental to
other organisms (Schandry and Becker, 2020). Putative
allelochemicals found in rice include phenolic acid compounds
(p-coumaric acid, p-hydroxybenzoic acid, ferulic acid, and
vanillic acid) (Rimando et al., 2001; Seal et al., 2004). Phenolic
acids (e.g., p-coumaric acid, ferulic acid, p-hydroxybenzoic
acid, and oxalic acid) are rice allelochemicals produced during
residue decomposition, potentially fixed by humic acid or soil
aggregate structural components, and deposited in the
rhizosphere to prevent rice and weed seedling growth
(Rimando et al., 2001; Seal et al., 2004). Other allelochemicals,
such as terpenoids and flavonoids, can suppress weeds
associated with rice, such as Echinochloa spp. The terpenoid
momilactone B was found to have a highly inhibitory effect on
target weeds at a low dosage (Kato-Noguchi, 2004; Kato-
Noguchi and Ino, 2005; Wang et al., 2010; He et al., 2012).
Caffeic acid, trans-ferulic acid, and p-hydroxybenzoic acid
were found in the exudates of allelopathic rice cultivars (Seal
et al.,, 2004). Fatty acid esters, unsaturated ketones, and
polycyclic aromatic compounds were also identified as
allelochemicals, and some alkaloids from the ethyl acetate
fraction of rice extracts were found to be phytotoxic to
Echinochloa crus-galli (barnyardgrass) (Kim and Shin, 2008).

Microbial signaling in the rice phytobiome

Microbes in the rice phytobiome engage in intercellular commu-
nication through the secretion of signaling molecules. Quorum
sensing (QS) autoinducers such as N-acyl homoserine lactones
(AHLs), lipid-like diffusible signal factors, and signaling peptides
are produced by both beneficial and pathogenic microbes, influ-
encing their colonization, virulence, and interactions with the rice
host (Poonguzhall et al., 2007; Chung et al., 2011; Leach
et al.,, 2017; Viswanath et al., 2020). Degradation of plant cell
walls necessary for plant pathogenicity and colonization
activities such as biofilm formation, adhesion and motility,
pathogenicity, and the production of enzymes that degrade cell
walls are all mediated by autoinducers. There has been a
thorough analysis of the bacterial signaling mechanisms by
which lipo-chitooligosaccharides (LCOs; Nod factors) and
exopolysaccharides help to establish the nodule symbiosis and
confer host specificity. Some homoserine lactones can be
actively absorbed by plant roots, perceived by them, or
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transported throughout the plant, with quantifiable impacts on
hormones and development (Hartmann et al., 2014). ABA
produced by fungal pathogens activates pathogenesis and
enhances plant susceptibility (Spence et al., 2015). VOCs
produced by microbes have antifungal properties and are
inhibitory to pathogen growth. Pseudomonas sp., Enterobacter
sp., Ralstonia sp., Bacillus sp., Arthrobacter sp., Brevibacillus
sp., and Paenisporosarcina sp. showed various abilities to
inhibit Rhizoctonia solani growth via VOCs (Wang et al., 2021).
VOCs released by bacteria and fungi also influence insect
behavior (Davis et al., 2013). Synthesis of the volatile chemical
indole can impact virulence factors, stress survival
mechanisms, and biofilm formation of the surrounding bacteria
(Lee et al., 2015). Natural selection may have favored indole
signaling as a ubiquitous physiological code owing to the
convergent development of indoleacetic acid production in
bacteria, microalgae, fungi, and plants (Fu et al., 2015). Cross-
kingdom signaling between rice and its associated microbes is
crucial for establishing mutualistic associations and defense re-
sponses. For instance, the LCO plant-microbe symbiosis factors,
produced by rhizobia (as Nod factor) and mycorrhizal fungi (as
Myc factor), induce nodulation in legumes and mycorrhization
in rice and other plants, respectively (Gough and Cullimore,
2011; Sun et al., 2015; Barker et al., 2017). Extracellular
vesicles secreted by rice roots and microbes have also been
implicated in intercellular communication, facilitating the
exchange of signaling molecules and genetic material (Roth
et al., 2019; Stotz et al., 2022).

Rice-insect signaling and interaction

The success of insect herbivores and plant disease vectors de-
pends on pheromone communication. Through volatile phero-
mones or semiochemicals, insects and other arthropods commu-
nicate with one another about danger, social standing, food
availability, and mating. Plant-insect interactions are influenced
by release of the insect’s oral secretions (saliva, gut regurgitant)
and oviposition fluids into the plant. The successful feeding of in-
sects depends on saliva properties and functions, and com-
pounds in insect saliva can elicit or inhibit plant immune re-
sponses to insect attacks (Miles, 1999). Plants perceive various
insect herbivores by integrating diverse environmental cues
(e.g., insect mechanostimulation on plant surfaces and contact
with salivary components). Upon perception, regulatory
responses, including multiple phytohormones, are triggered,
with the JA pathway controlling host resistance. Furthermore,
the interaction of numerous hormone response pathways
translates initial perception into optimized responses to
enhance plant fithess under herbivore attack (Erb et al., 2012).
Proteins encoded for insect resistance in rice perceive the
insect effectors and activate defense pathways such as
expression of defense-related genes, mitogen-activated protein
kinases, transcription factors, and plant hormones, as well as de-
fense mechanisms against insects, such as trypsin proteinase in-
hibitors, callose deposition, green leaf volatiles, and secondary
metabolites (Du et al., 2020). Elicitors identified in insect oral
secretions include B-glucosidase, fatty acid-amino acid
conjugates, volicitin, and caeliferins, which activate the JA
signaling pathway that controls defense responses against
insects (Mattiacci et al., 1995; Alborn et al., 2007; Aggarwal
et al., 2014). In response to injury and herbivory, plants produce
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JA and the amino acid conjugate jasmonoyl-I-isoleucine (JA-lle)
as key defense signals (Erb et al., 2012; Fukumoto et al., 2013).
JA and ET regulate responses to chewing insects and
herbivores, whereas SA mediates defense against phloem-
feeding insects (Glazebrook, 2005). Interactions between
insects and viral pathogens are significant for the transmission
of economically damaging rice diseases. Insect pests such as
planthoppers and leafhoppers can be vectors of viral diseases
such as tungro and hopperburn, thus causing indirect damage
to rice (Fujita et al., 2013). At the same time, beneficial bacteria
can aid in the rice plant’s defense against insect pests. For
instance, bacteria in the honeydew of brown planthopper (BPH)
activate rice defense responses, such as the release of volatile
compounds and the accumulation of phytoalexins to attract
natural enemies of BPH (Wari et al., 2019).

THE RICE PHYTOBIOME ECOSYSTEM
UNDER CLIMATE-CHANGE
CHALLENGES

Climate-change factors that trigger increasing occurrences of
abiotic and biotic stress affect the structure and function of the
rice phytobiome. Under various stresses, plants undergo stress
perception, signal processing, and stress response optimization,
thus maximizing resistance while limiting costs and side effects
(Ravanbakhsh et al., 2018). Figure 2 provides a diagram of rice
phytobiome signaling and optimization of stress response
under the adverse effects of climate change. Intricate signaling
pathways facilitate the activation of defense mechanisms and
adaptive responses. They are enhanced by microbiome
communities, thus enabling rice plants to have better fitness
and improved health, mitigate the detrimental consequences of
climate-induced stressors, and achieve a sustainable rice
ecosystem. Notable examples reported in rice on the functions
of these signaling pathways with the modulation of some
macro-/microbial populations found in the rice phytobiome under
climatic stresses are discussed below.

Heat stress

In response to heat stress due to elevated temperatures, plants
exhibit a variety of defense mechanisms, such as the activation
of hormone-signaling pathways and heat shock proteins that in-
crease their thermotolerance. ET-mediated signaling is involved
in the reduction of oxidative damage, maintenance of chlorophyll
content, and improvement of thermotolerance in rice seedlings
under heat stress (Wu and Yang, 2019). Also, in rice seedlings,
free radical H,O, and NO were found to act as signal molecules
and increase salt and heat tolerance (Uchida et al., 2002).
Changing temperature regimes influence the rhizosphere
microbiota, thus affecting rice growth and heat-stress
tolerance. Microbes contribute to the heat-stress tolerance of
rice by detoxifying chemicals or releasing protective
substances to withstand desiccation (Horvath, 1972; Ruiz-
Sanchez et al., 2011). Meanwhile, the effect of high
temperatures on the microbial composition of the rhizosphere
alters nutrient availability and plant-microbe interactions
(Haugwitz et al., 2014). As shown in several studies, rising
temperatures and elevated atmospheric CO, can modify the
rhizosphere or root and soil microbial community (Yue et al.,
2007; Peng et al., 2008; Das and Adhya, 2012; Lu et al., 2015;
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Peltoniemi et al., 2016), but they have no significant effects on
the composition and abundance of methanogenic communities
(Angel et al., 2012; Liu et al., 2012, 2016).

Drought

Drought results in a major restructuring of the rice root micro-
biome, marked by enrichment of Actinobacteria and Chloroflexi
(Santos-Medellin et al., 2017). After prolonged drought, the
endosphere community shows delayed recovery, including
persistence of taxa such as Streptomyces that are capable of
promoting root growth, possibly conferring tolerance to future
droughts (Santos-Medellin et al., 2021). Rhizosphere microbes
can boost plant drought tolerance (Welbaum et al., 2004;
Mendes et al., 2011; Berendsen et al., 2018). Recent studies
have highlighted the roles of specific microbial taxa, often
found in the phyla Actinobacteria, Proteobacteria, and
Firmicutes, in enhancing drought tolerance by modulating
phytohormone production, nutrient availability, and stress-
responsive gene expression (Berendsen et al., 2018). Under
drought, some root exudates can act as signaling molecules,
altering plant-microbe, microbe-microbe, and plant-plant
interactions. Root exudates also serve as nutrients for
microbes and can alter the physical and chemical properties
of the soil. Several studies have shown that the amount and
composition of root exudates change under drought
conditions (Song et al., 2012; Karst et al., 2017; Canarini et al.,
2019, 2021). We can observe that, as the severity of a drought
increases, the total volume of root exudates declines while
the ratio of carbon allocation to root exudates rises.
Alterations in root exudate composition and soil moisture
significantly influence the structure and function of the rice
rhizosphere microbiota under drought stress. For instance,
phytosiderophore secretion decreases in drought-stressed en-
vironments, directly or indirectly promoting the growth of Acti-
nobacteria genera such as Streptomyces, which can promote
plant growth (Omae and Tsuda, 2022). Santos-Medellin et al.
(2017) also observed changes in the fungal community of the
rice rhizosphere and root endosphere under drought
conditions, although the effects were smaller than those
observed for the bacterial community.

Salinity and alkalinity

High soil salinity decreases microbial diversity and changes the
community structure of rhizosphere microbes, with a decrease
in beneficial bacteria and an increase in halotolerant and halo-
philic organisms, thus leading to imbalanced nutrient cycling
and decreased plant health (Abdul Rahman et al., 2021). Crop
plants subsequently inoculated with PGPR have significantly
improved salt tolerance and plant growth under saline soil condi-
tions (Wang et al., 2022; Phour and Sindhu, 2023). The
rhizosphere  microbiome significantly enhances salinity
tolerance through various mechanisms, including the
modulation of phytohormone biosynthesis and signaling
pathways (e.g., indole acetic acid, gibberellic acid,
brassinosteroids, ABA, JA); accumulation of osmoprotectants
(e.g., proline, glycine betaine, sugar alcohols); production of
compounds such as antioxidants, 1-aminocyclopropane-1-
carboxylate (ACC) deaminase enzymes, exopolysaccharides,
organic acids, osmoprotectants, nitric oxide, and siderophores;
regulation of ion transporters; and mediation by PRRs that sense

6 Plant Communications 5, 101078, December 9 2024 © 2024 The Author(s).



Rice phytobiome and climate change challenges

Plant Communications

SIGNALING PATHWAY

CLIMATE CHANGE .~ SIGNAL PERGEPTION

0
o
+
o+

o
o

EXTREME WEATHER

of
o
o
o
0
o
o
o
5
>
D

ABIOTIC STRESSES 4

i P
Drought/flood %1 \ 7,
Extreme temperatu €
Nutrient deficiency
Soil salinity
Soil acidity
Mineral toxicity
Heavy metals
e Ultraviolet radiation

BIOTIC STRESSES

<==ss
N

e o o o o o o

B SIGNAL PROCESSING
+ Ethylene
+ Salicylic acid
+ Jasmonic acid

kc
Optimization of stress-response
and resistance while minimizing

) ) costs and side effects
» Pathogens (bacteria, fungi,
virus, nematodes, etc.)
o Insect pests ROOT EXUDATES

* Herbivores
e Weeds

ot
N

%

T

ALLELOCHEMICALS

e Better plant fitness

¢ Enhanced plant health

¢ Climate resilient rice

¢ Sustainable rice ecosystem

Figure 2. Manipulatable components of the rice phytobiome for optimized stress response to climate change .

Rice phytobiome signaling networks and optimization of stress response under (A) biotic and abiotic stresses triggered by climate change. The intricate
(B) signaling pathways facilitate the (C) activation and optimization of defense mechanisms and adaptive responses. They are enhanced by microbiome
communities, enabling rice plants to have (D) better plant fitness and improved plant health, mitigate the detrimental effects of climate-induced stressors,

and achieve a sustainable rice ecosystem.

microbe- or plant-derived molecules (Saijo and Loo, 2020).
However, plant tolerance to salinity can be negatively regulated
by SA signaling through crosstalk with ABA signaling (Berens
et al., 2019). Similar to salinity stress, alkalinity stress alters the
composition of the rice root-associated microbial community,
leading to impaired nutrient uptake and decreased plant growth.

Some genera of rhizosphere alkaliphilic bacteria in the Bacilla-
ceae family (e.g., Alkalibacillus, Bacillus, Haloalkalibacillus)
tolerate alkalinity stress through the cytoplasmic membrane pro-
ton transfer system, whereas other alkalinity-tolerant rhizobacte-
ria have the ability to produce indole acetic acid and ACC
(Msimbira and Smith, 2020).
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Nutrient deficiency

Under nutrient stress, plants interact with rhizosphere microbes
and release phytochemicals that aid in nutrient solubilization
(Jones and Darrah, 1994). Phenolics are important root-exuded
phytochemicals that induce solubilization and release iron (Fe),
phosphorus (P), and other nutrients, thereby helping plants
improve nutrient absorption (Amb and Ahluwalia, 2016).
Changes in the abundance and diversity of specific microbial
taxa, with subsequent alterations in microbial functional traits,
are observed under nutrient-deficient conditions (Zhang et al.,
2022). These changes can have profound effects on rice health
and nutrient acquisition capability. Microbes can enhance the
nutrient absorption of rice; for example, Sphingomonas spp.,
isolated from rice seeds and roots, facilitate nitrogen (N)
fixation (Xie and Yokota, 2006; Videira et al., 2009).
Ectomycorrhizal fungi release phytohormones that promote
plant root development (Vayssieres et al., 2015), and blue-
green algae (Cyanobacteria) improve soil fertility via N fixation
and alkaline soil reclamation (Dhar et al., 2007; Sahu et al., 2012).

Heavy metals

Heavy metal contamination affects the composition and diversity
of the rice phytobiome. Studies have revealed that heavy metals
can alter the structure of microbial communities associated with
the roots, rhizosphere, and phyllosphere of rice. For instance,
cadmium (Cd) pollution significantly decreased microbial diver-
sity in the rhizosphere of rice plants (Hou et al., 2018). Microbes
with high pollutant tolerance or degradation capabilities are
likely to be recruited to the rhizosphere by the rice plant,
thereby mitigating the detrimental effects of pollutants on
microbial communities and plant growth (Li et al., 2022b).
Certain bacterial and fungal species possess mechanisms to
mitigate heavy metal toxicity via metal sequestration, enzymatic
detoxification, and phytohormone modulation. The rhizosphere
bacteria Pantoea sp. were found to reduce arsenic (As) uptake
in rice (Elumalai et al., 2017), and bacteria from the genus
Sphingomonas are capable of As redox transformation and
detoxification in the rice ecosystem (Sultana et al., 2023).
Cyanobacteria act as a biosorbent, reducing Cd accumulation
and alleviating Cd toxicity (Kuang et al., 2016; Li et al., 2022a).
Several bacterial taxa (e.g., Bradyrhizobium, Bryobacter,
Candidatus Solibacter, Geobacter, Gemmatimonas, Halingium,
Sphingomonas) showed a strong correlation with As and
antimony contaminant fractions, indicating their potential for
metabolizing these elements.

MANIPULATING THE RICE PHYTOBIOME
FOR RICE IMPROVEMENT

Phytobiome manipulation constitutes a holistic approach that in-
volves scrutinizing all components of the phytobiome as a mega
dataset and deliberately applying various interventions to
augment the benefits of the intricate interactions within the phy-
tobiome ecosystem. Phytobiome manipulation aims to enhance
nutrient uptake, bolster disease resistance, and optimize overall
crop productivity through systematic and strategic measures.
This approach extends to developing innovative management
patterns designed to strengthen the adaptability of the phyto-
biome in anticipation of possible climate-change scenarios. By
comprehensively examining the phytobiome mega dataset, we
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can reveal novel target genes and apply cutting-edge gene-edit-
ing techniques for crop improvement. Advanced molecular
methods, such as metagenomics, meta-transcriptomics, meta-
proteomics, and metabolomics, can facilitate the comprehensive
profiling of microbial communities, aid in identifying novel micro-
organisms with desirable functional properties, and deploy
tailored microbial formulations to optimize rice-microbe interac-
tions. This approach entails systematic isolation, characteriza-
tion, and evaluation of microbial strains, considering their physi-
ological, genetic, and ecological attributes. Identifying novel
microorganisms with potential benefits to rice improvement
could expand the repertoire of microbial consortia applicable
for biofertilization and biocontrol.

Manipulating the rice phytobiome for crop improvement and re-
silience under climate change could be accomplished by engi-
neering the rice plant to enhance the capture of beneficial effects
of the macro-/microbiome populations, including the improved
release of hormones and signaling pathways that promote rice
growth, development, and stress response. Alternatively, the
positive effects of macro-/microbiome populations could be
augmented by manipulating their populations and releasing
beneficial organisms and the substances/hormones they pro-
duce into the rice phytobiome. Some notable examples are dis-
cussed below.

Altering rice stress-signaling pathways and interactions

The primary consideration in manipulating the rice phytobiome
for rice fitness and climate-change resilience is modulating stress
responses to maximize resistance while minimizing costs due to
pleiotropic effects. Altering rice stress-signaling pathways could
be one such method. Genes upregulated in each step of the key
hormone pathways for growth and stress response are being
identified. They could be modified by genetic engineering or
gene editing to improve rice fitness and enhance stress toler-
ance. Several studies have demonstrated that the overexpres-
sion of key stress-related genes conferred improved rice toler-
ance to various abiotic stresses: OsMYB6 and OsDhn1 for both
salt and drought stress (Kumar et al., 2014; Tang et al., 2019),
OsiSAP1 for water-deficit stress (Dansana et al., 2014), OsTPP1
for salt and cold stress (Ge et al., 2008), and OsPIN2 for better
root growth and formation under nutrient (P) deficiency (Sun
et al.,, 2019), among others. Genetic alterations can also be
designed to improve interactions within the phytobiome, such
as promoting symbiosis with beneficial microbes and
enhancing the selection of rhizobial partners by host plants
(Jain et al., 2023).

Exploiting the phyllosphere microbiome

The phyllosphere microbiome contributes to the cycling of nutri-
ents, degradation and sequestration of pesticides and air pollu-
tion residues, and improvement of plant growth and health
(Bashir et al., 2022); thus, it can enhance phytobiomes (Bashir
et al., 2022). Beneficial endophytes are thought to be a novel
source of biocontrol and biofertilizers for increasing crop yields
(Mano and Morisaki, 2008; Gottel et al., 2011; Bertani et al.,
2016; Sengupta et al., 2017). Rice-associated bacterial endo-
phytes such as Azoarcus sp. and Azospirillum sp. stimulate plant
growth and can be applied as endophyte inoculants to benefit
rice productivity (Egener et al., 1999; Isawa et al., 2010; Yasuda
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et al., 2022). Rice endophytic Enterobacter species also improve
plant growth by enriching N and P supplies (Hardoim et al., 2013).
Methylobacterium species that thrive on plant surfaces and use
methanol released by plants via pectin demethylation
encourage better seed ripening and promote seedling
germination, growth of lateral roots, and general plant growth
through the production of ACC deaminase, indole acetic acid,
cytokinin, and siderophores (Madhaiyan et al.,, 2007;
Chinnadurai et al., 2009; Senthilkumar et al., 2009; Tani et al.,
2015). Indole acetic acid generated by Bacillus, Pantoea,
Stenotrophomonas, Achromobacter, and Exiguobacterium
bacteria encourages rice growth in vitro. Rice phyllosphere
microbes such as fungi representing Pestalotia, Alternaria, and
Trichoderma species (Naeimi et al., 2010) and bacteria such as
Bacillus pumilus and Erwinia can also be used as biocontrol
agents because of their antagonistic action against rice
pathogens such as Rhizoctonia solani, Xanthomonas oryzae,
and Magnaporthe oryzae (De Costa et al., 2006; llsan et al.,
2015; Krishanti et al., 2015; Thapa et al., 2018). In addition, leaf
actinomycetes species from Lentzea, Streptomyces, Gordonia,
and Saccharothrix display antifungal activity against rice blast
fungus (Harsonowati et al., 2017).

Rhizosphere engineering

Rhizosphere engineering, which involves targeted interventions
to enhance plant-microbe interactions in the rhizosphere and
thus improve nutrient uptake, disease resistance, and overall
crop productivity, offers an excellent approach for manipulating
the rice phytobiome. Inoculation with rhizosphere microbes,
including PGPR and mycorrhizal fungi, has been shown to
improve rice growth and health (Bao et al., 2022). PGPR strains
such as Azospirillum, Bacillus, and Pseudomonas promote rice
growth, enhance nutrient availability, and induce systemic
resistance against pathogens (Isawa et al., 2010; Sivasakthi
et al., 2014). A rice rhizosphere bacterium, Pantoea sp.,
encouraged healthy rice growth and improved the oxidizing
potential of the rhizosphere (Lakshmanan et al., 2016). Similarly,
mycorrhizal fungi, such as Glomus and Rhizophagus, improve
rice root architecture and growth, nutrient uptake, and
tolerance of abiotic stresses (Gutjahr et al., 2009).

Enhancing the production of root exudates and
allelochemicals

Root exudates play a crucial role in shaping the composition and
activity of the rice rhizosphere microbiome. Various approaches
have been explored to manipulate root exudation profiles to favor
the proliferation of beneficial microbes. For instance, overexpres-
sion of genes involved in the biosynthesis of specific root exudate
compounds, such as phenolic acids and flavonoids, has been
shown to attract beneficial rhizobacteria and suppress patho-
gens in rice (Wang et al., 2019; Du et al., 2021). Allelochemicals
can be used as herbicides and growth stimulants, and crop
genomes can also be modified for enhanced allelochemical
production (Einhellig, 1995). For instance, a gene (OsPAL2-1)
that regulates rice allelopathy by controlling the synthesis of
phenolic acid allelochemicals has been identified (Li et al.,
2020). This compound promotes the population of Myxococcus
xanthus and produces another allelochemical, quercetin, that
inhibits the germination and growth of a target weed. However,
although promising, these approaches must address research
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gaps in understanding rice allelopathy, such as identifying
allelopathic cultivars; discovering and isolating the allelopathic
compounds; understanding the mechanism of action of each
allelochemical; and evaluating activity in the soil, environmental
interactions, and chemical communications between the rice
plant and microorganisms that influence rice. Moreover,
ecological risks, such as safety to humans and the ecosystem,
crop productivity, and cost-benefit ratio, should be considered
before genetically modifying crops to have enhanced
allelopathic  traits (Amb and Ahluwalia, 2016). The
allelochemical target sites are crucial to breeding, as they
determine which chemical to enhance in order to achieve the
desired traits.

Conventional manipulation

Conventional manipulation of the rice phytobiome involves cul-
tural and soil management practices such as organic matter
amendments, cover cropping, and alternate wetting and drying,
which can significantly influence the rice rhizosphere microbiome
and plant fitness. Incorporating organic matter amendments,
such as compost and animal or green manure, improves soil
fertility, increases microbial biomass, and enhances nutrient
availability in the rice rhizosphere (Das et al., 2017; Wang et al.,
2017a; Cui et al., 2018). Integrating cover crops, such as
legumes and grasses, improves soil structure, increases
microbial biodiversity, and enhances nutrient cycling in rice
systems (Kim et al., 2013). Furthermore, optimizing water
management with alternate wetting and drying influences the
composition of the rhizosphere microbial community and the
nutrient dynamics of rice (Watanabe et al., 2021).

Manipulating one or more components of the rice phytobiome will
create a domino effect that could positively or negatively affect
the whole system, including multi-kingdom composition, interac-
tions, signaling, and processes. A systems-level understanding
of the rice phytobiome is necessary to determine whether other
community members can co-opt, modify, or eliminate signals.
Thus, a system-wide approach should be considered in manipu-
lating the rice phytobiome to harness all possible beneficial ef-
fects of each component with minimal disruption to the whole
system. To realize this goal, the next challenge will be to decode
and re-program the information for rice improvement using
advanced and sophisticated tools.

NOVEL APPROACHES FOR RE-
PROGRAMMING THE RICE PHYTOBIOME

The rice phytobiome is a multilayer system

Our understanding of biological systems has shifted in the last 20
years. The idea that organisms are discrete entities with bound-
aries is obsolete, and in its place is the idea of the holobiont,
which describes individual phenotypes as the result of interac-
tions between the host and related microbial species (Simon
et al., 2019). The biological processes of the host and the
function of microbiomes are equally important in this
circumstance. The term microbiome was recently broadened to
encompass all microbial populations inhabiting a particular
environment, their characteristics, and their interactions by a
team of multidisciplinary specialists in the area (Whipps et al.,
1988; Berg et al., 2020). Plants are naturally included in the
interpretation of biological communities as holobionts
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(Vandenkoornhuyse et al., 2015). The collective knowledge
across all plant microbial domains has defined their critical role:
distinct communities are linked to enhance plant growth via
nutrient fixation, defense against biotic and abiotic stressors,
modifications in secondary metabolite composition, and clearly
defined growth stages (Berg et al., 2016). Studies of plant
microbiomes have recently used highly reduced communities
called SynCom to dissect their effects on plants (Lebeis et al.,
2015), and these have been proposed for field use to promote
plant growth in agricultural contexts (De Souza et al., 2020).
Plants dynamically and spatially regulate microbiota
composition in response to environmental stresses, leading to
the “cry for help” hypothesis supported by the discovery of
plant genetic regulators that integrate stress signaling and
microbiota shaping. Insights into the key regulators and
pathways of stress-alleviating microbiota assembly could aid in
designing crops that dynamically recruit beneficial microbiota un-
der stress conditions (Wang and Song, 2022).

In the context of plant pathogenesis, emerging evidence high-
lights the role of the pathobiome, the disease-contributing
component within the plant microbiome. In this paradigm, dis-
ease onset and progression involve complex pathobiome-
coordinated interactions at multiple scales and are not simply
dominated by a single pathogen. Although an understanding of
pathobiome-influenced plant pathogenesis is lacking, in-depth
information on the composition and molecular mechanisms of
the pathobiome offers a promising solution to improving dis-
ease-prevention strategies (Lv et al., 2023).

Plant microbiome engineering in the phytobiome
ecosystem

Communities of microbes associated with plants, known as
plant microbiomes (a large part of the phytobiome), show
robust potential to offer affordable and long-lasting solutions
to the agricultural challenges caused by climate change. Mi-
croorganisms have access to a variety of ecological niches
within plants (Compant et al., 2019; Levy et al.,, 2018),
and PGP traits are also provided by microorganisms
(Shelake et al., 2019). Numerous approaches are available
for researchers to further understand the relationships
between plant microbiomes through meta-omic investigations
and computational tools (Mitter et al., 2016). Numerous PGP
microorganisms have been identified and isolated, and
several are recognized as valuable biostimulants, biocontrol
agents, and fertilizers. Nonetheless, there has not been much
success using PGP microorganisms in domains intended for
commercial use (Jaderlund et al., 2008; Bloch et al., 2020)
because plant microbiomes are highly complex, diverse, and
dynamic systems. Such tactics are probably going to be
used only in certain contexts. Microbiome engineering based
on synthetic biology is becoming more widely acknowledged
as a means of providing host plants with PGP benefits to
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overcome these constraints (Mueller and Sachs, 2015). One
such method enables the selection of microorganisms in a
lab setting on the basis of their capacity to colonize plants,
particularly regarding how effectively they can provide PGP
benefits. Researchers can introduce these bacteria to
certain plant species and sites (e.g., roots, leaves) at
distinct growth and developmental phases under various
environmental conditions. Furthermore, the designed
microbiomes can consolidate many PGP features. We next
examine current developments in synthetic biology and strain
engineering to make microbiome engineering more suitable
for rice climate-resilience applications and suggest
approaches to limit environmental implications, as shown in
Figure 3A.

Plant microbiome engineering techniques

Plant microbiomes can be developed in a top-down or bottom-up
approach, as shown in Figure 3B. The bottom-up method sepa-
rates ambient microbiomes from microbes linked to specific plant
species, strains, or organs (Rodrigues et al., 2018; Toju et al.,
2018). These essential microorganisms are reassembled as
consortia after being genetically engineered to exhibit desired
features (Vorholt et al., 2017). The modified strains are then
inoculated into plants, allowing them to recolonize their hosts
successfully. Horizontal gene transfer is used in the top-down
method to impart desirable characteristics to various hosts in
situ. Using mobile genetic elements (MGEs) is one top-down
approach that enables a comprehensive study of PGP features.
MGEs transfer and integrate foreign genes into a randomly
selected subpopulation of microbiomes. Creating bacteriophage
(phage) systems to design or eradicate certain species within
populations, allowing their functions to be investigated, is another
top-down strategy.

Synthetic biology of the plant microbiome to counter
future challenges

PGP microbes have an extremely high potential to become
game-changing actors in sustainable agriculture in the face of
climate-change challenges. Still, success has been variable,
likely because of varying environmental conditions, poor microbi-
al colonization, and limited persistence in the phytobiome (Ke
et al., 2021). These restrictions could be addressed by genome/
genetic engineering of resilient root colonizers or by colonizing
vast subpopulations of plant microbiomes. Non-model
microbes are engineered even at the in situ level in
subpopulations through emerging novel progress in synthetic
biology. The following action evaluates the perseverance of
genetically modified microorganisms (GMMs), the efficacy of
engineered PGP advantages, and their association with plants
in uncontrolled conditions before commercial adoption for rice
productivity and disease control. Specifically, the environmental
effects of field treatments that use GMMs must be assessed
over an extended period of time.

together with switches and sensors to regulate gene expression. To impart designed PGP features to host plants, the second group could offer the best

framework.

(B) Methods for phytobiome genetic/genome engineering. Two methods exist for genetic engineering or genome engineering of the phytobiome. Using a
bottom-up methodology, plant-associated microorganisms are isolated, individual strains are manipulated to confer desired features, and plants are
injected with the modified strains. The top-down method introduces features into various hosts in situ by horizontal gene transfer. Omics technologies and

accompanying equipment are then used to identify the host phenotypes.
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CHARACTERIZATION OF MICROBIOME
DATA THROUGH ML AND DL
APPROACHES

Alarge subset of artificial intelligence (Al) techniques called ML and
DL uses massive datasets to perform pattern prediction, classifi-
cation, and recognition (Tarca et al., 2007). ML has been used in
microbiome research to tackle problems such as the
classification of microbial features (determination of diversity,
distribution, and abundance), phenotyping (prediction of host
phenotype or an environment), tracking of any possible
modifications to the composition of a target microbiome, and
examination of the intricate chemical and physical relationships
among the constituents of the microbiome (Gupta and Gupta,
2021; Marcos-Zambrano et al., 2021), as shown in Supplemental
Table 2, which includes a few instances of each of these tasks.

Types of microbiome data

Developments in HTS and omics have made it possible to thor-
oughly describe the microbiome and create large-scale micro-
biome datasets (Jiang et al., 2019; Liu et al., 2021), although
only a small portion of microbial species can be fully
characterized using conventional isolation and cultivation
methods (Lewis et al., 2021). Metagenome sequencing and
amplicon technology are the most widely used techniques for
microbiome analysis. Reads from commonly used taxonomic
marker genes such as the ITS region (Schoch et al., 2012) or
the evolutionarily conserved 16S rRNA gene (Weisburg et al.,
1991) are used to characterize samples through the amplicon
approach. Operational taxonomic units (OTUs) are clusters
formed by roughly demarcating bacterial taxa on the basis of a
predetermined identity threshold, typically 97% similarity
(Schloss and Handelsman, 2005). With improvements in
sequencing accuracy, OTUs have been replaced by ASVs
(amplicon sequence variants), which require 100% identity.
Because ASVs lack an arbitrary dissimilarity criterion and are
produced using a de-noising technique, they enable the resolu-
tion of even uncommon (rare) community members (Callahan
et al, 2017). However, shotgun metagenomics uses
nonspecific sequencing to thoroughly catalog every genome in
a sample (Gilbert and Dupont, 2011). Shotgun metagenomic
readings can be curated for taxonomic or functional annotation
by aligning them with databases using various algorithms (Liu
et al, 2021). Recent developments even allow for the
identification of the virome and open the door to more
comprehensively characterize and reveal the microbiome
through a shotgun database (Johansen et al., 2022). These
methods result in feature tables in which each cell indicates the
abundance or existence of a certain function or taxon for each
sample. Disagreement exists about which kind of
profile (functional or taxonomic) offers a greater capacity for
discrimination in downstream analysis (Langille et al., 2013; Xu
et al., 2014; Ning and Beiko, 2015). Either way, it is necessary
to recognize the peculiarities and difficulties associated with
these kinds of data. A feature table is compositional in the first
place. Component relations are described using compositional
data. In compositional data, they are totally arbitrary and each
part is dependent (Aitchison, 1982; Quinn et al., 2018). Feature
tables are also typically high dimensional (with more features
per sample) and sparse (with an excessive number of zero
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counts). This feature exposure makes downstream analysis
susceptible to the dimensionality curse. The dimensionality
curse has two aspects: generalization to different datasets is
weakened by a comparatively small number of samples, and an
extreme number of features drives up computational expenses
(Liu and Bellet, 2019). Various approaches are used to handle
microbiome data. Statistical techniques such as computing
component ratios (Greenacre, 2017), the staying-in-the-simplex
approach (Mateu-Figueras et al., 2011), and log-ratio transforma-
tions (Aitchison, 1982) have been devised because typical
distance and association measures are not suitable for
compositional data. Because sparsity cannot be managed by
traditional log-ratio transformation techniques, the data are
frequently imputed, with pseudo-counts typically used in place
of zeros (Costea et al., 2014). However, feature extraction and
selection methods can assist in overcoming the drawbacks of
dimensionality. The process of feature selection involves
identifying non-redundant features and the best subspace of
pertinent features (Peng et al., 2005; Ditzler et al., 2015).
However, feature extraction builds a compressed version of the
input features in an effort to decrease the dimensionality of the
dataset. Pre-processing procedures are necessary because of
the unique characteristics of microbiome data, and these pro-
cedures have a significant effect on differential feature analysis,
which undoubtedly has an impact on the performance of ML
techniques (Weiss et al., 2017; Nearing et al., 2022).

Traditional ML methods

For microbiome data, support vector machines, random forests
(RFs), and linear regression models perform well among the stan-
dard ML techniques (Statnikov et al., 2013; Pasolli et al., 2016). In
more recent research, however, the latter (Hernandez Medina
et al.,, 2022) has been reduced to benchmarking and has
become obsolete. The interpretation of linear regression
techniques, such as elastic nets and lasso, is simple because
they represent an output (e.g., a phenotype) as a linear
combination of inputs. Decision trees, which resemble
flowcharts and are created by selecting which groups in a
dataset to divide it into, are aggregated using RFs (Hernandez
Medina et al., 2022). An RF that outperforms a single tree can
be created by generating many trees using randomly chosen
feature subsets (Ho, 1995). Forecasting maize production
(Chang et al., 2017) and resolving the symbiont density of
sponges (Moitinho-Silva et al., 2017) have been accomplished
using RFs with microbiome census data.

Dimensionality reduction in microbiome data

Unsupervised ordination techniques minimize dimensionality to
simplify data for human comprehension. These methods are suit-
able for generating projections or visualizations; they provide a
compressed representation of the input data by calculating a
non-linear or linear combination of the current characteristics.
Popular techniques for contrasting and visualizing microbial
communities include linear approaches such as principal-coordi-
nate analysis and principal-component analysis, which have
been used to determine the geographic origin or habitat of micro-
bial samples (Costello et al., 2009; Porras et al., 2021).
Techniques such as uniform manifold approximation and
projection and t-distributed stochastic neighbor embedding
accurately detect and highlight non-linear and local connections
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in sophisticated datasets of a target microbiome; nonetheless,
regulating them is a difficult task (Xu et al., 2014, 2020; Kostic
et al., 2015; Armstrong et al., 2021).

DL approaches

A family of ML methods called DL uses several artificial neural
network designs. To provide precise insights and forecasts, DL
models can identify intricate patterns such as images, text, and
other types of data. Nodes (also referred to as units or neurons)
are essential to DL models and are operations that modify inputs
and send outputs to the next (other) nodes. The network that is
created by the connections among nodes is made up of several
layers that can be linked together and arranged in various archi-
tectures or layouts. The fully connected neural network (FCNN) is
the most basic neural network design, in which all nodes from a
given layer are entirely linked to all nodes from the layer below.
Using raw metagenomics count data, researchers have used
this architecture to predict the host phenotype, which can result
in higher classification accuracy across many datasets
compared with conventional approaches (Lo and Marculescu,
2018). Although the FCNN works well on its own, it is typically
the fundamental component of more intricate architectures.

CONSIDERATIONS FOR WORKFLOW

Input from microbial omics

From collecting samples to the bioinformatics pipeline, microbial
omics errors may limit or detour the information obtained (Kaster
and Sobol, 2020). In most cases, there should be a trade-off in
the experimental design, for which recommendations have been
provided (Franzosa et al., 2015). Resolution in metataxonomics
is often restricted to the genus level. Even so, the omics input for
supervised ML (SML) is the most frequently employed, and the
feature set is composed of relative OTU abundances (JanBen
et al.,, 2021; Kim and Oh, 2021). Nevertheless, the use of OTUs
might overlook significant taxonomic groupings and is
intrinsically restrictive in terms of maintaining community
information. ASVs (Callahan et al.,, 2017) that have more
biological significance have been developed, but metataxonomic
studies notably lack ASVs. Given that ASVs provide a more
precise foundation for taxonomy, it will be intriguing to observe
how their use affects ML outcomes in the future. Although
metagenomics is extremely sensitive for low-abundance taxa, it
is rarely used for SML and comes with extra expenditures that
could restrict ML options and samples (Callahan et al., 2017).
Metagenomic methods do not consistently outperform the more
economical metataxonomic method (Xu et al., 2014).

Selection of the ML model

An extensive set of SML tools is available, and each has unique
benefits and drawbacks (Goodswen et al., 2021). Users must
make trade-offs between interpretability, learning performance,
computational costs, data needs, and simplicity of implementa-
tion because no architecture works well in all environmental
application scenarios (Ghannam and Techtmann, 2021).
Choosing a collection of architectures at the outset can help to
guarantee the accomplishment of research objectives. RF is a
popular option for microbial omics-driven SML because of its
high interpretability, ease of implementation, and learning capa-
bility (Ghannam and Techtmann, 2021). DL techniques (multi-
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layered architectures) perform well for super-complicated tasks
or situations in which information is scarce because they can
self-learn the feature set (Christin et al., 2019). However, DL
demands massive data and thousands of samples. It is
associated with high processing costs and limited
interpretability of the underlying model—the “black box” effect.
As a result, although up and coming, DL techniques for
environmental omics are still limited (Figure 4).

Feature engineering

Selection and engineering of features are pivotal steps for pro-
ducing SML-based ecological models of significance. Limiting
overfitting, cutting down on computational expenses, enhancing
cross-study comparability, and improving generalized prediction
accuracy across datasets are possible with reduced feature
space (Ghannam and Techtmann, 2021). When reducing
features for training, caution must be used because it is
possible to overlook physiologically significant traits if
abundance is the basis for feature selection. Optimizing feature
selection in metataxonomic-based ML applications can be
achieved using biologically driven feature-selection techniques
(Oudah and Henschel, 2018) or embedded methodologies
(Wang et al., 2017b). There is now an apparent deficiency in
feature-selection techniques for functional feature sets. Given
the compositional character of microbial omics datasets,
caution is required when using conventional statistics, which
might make assumptions about the underlying data (Gloor
et al., 2017). Remembering that SML aims to enhance rather
than replace traditional statistical modeling is crucial.
Combining these two methods offers robust opportunities to
use their benefits for environmental and phytobiome
microbiology and monitoring predictions. There is still more
work to be done in feature selection and engineering for multi-
omics investigations as the systems levels increase in
complexity.

Assessing data leakages

Data leakage, which refers to the unintentional use or impact of
data during the training process, is a subtle but significant feature
of ML. This frequently happens when the training characteristics
conceal the outcome of the prediction from themselves, leading
to an overestimation of the validation performance of the model
(Chiavegatto Filho et al., 2021). Because of how nuanced this
might be, preventing data leaks is complex; it needs to be
assessed case by case (Wirbel et al., 2021) and to include (1)
target label-influenced data filtering and (2) the division of depen-
dent data between validation and training sets. Using an outside-
produced test dataset might be beneficial for further validation
tests. However, data leaking is rarely addressed in microbial
omics articles that use SML (Wirbel et al., 2021).

ADDRESSING CLIMATE CHANGE WITH
SML OF PHYTOBIOME-RELATED
MICROBIAL OMICS DATA

Understanding the interactions and activities among microbes,
phytobiomes, and ecosystems is crucial for their incorporation
into ecological models and biotechnologies to mitigate climate
change. The production of high-resolution spatiotemporal dy-
namics data and the integration of several omics datasets could

Plant Communications 5, 101078, December 9 2024 © 2024 The Author(s). 13



Plant Communications

Rice phytobiome and climate change challenges

PHYTOBIOME-PHYTOMICROBIOME

-------------- SAMPLING & EXTRACTING
Auxiliary e
measurement : L2
O i
Q
ol
[0}
=
DATA QUALITY CHECK
& FILTERING
Lo e —————
) ) ) \ /
MICROBIAL COMMUNITY RESPONSES |
META-DATA
=z
(ZD 5 f\ (“ . . STRUCTURE
»n = )
ﬁ g RELATIVE ABUNDANCE % CLASSIFICATION
ul 2 DIVERSITY z
o 5 FUNCTION < ATGAATCCAT ASV1
& ” BIOMASS Wl | ATGTCTGGAT ASV2
S | | ATGCCGCCAT ASV3
© METABOLIC INTERACTIONS g
METABOLIC ACTIVITIES -
\ v 8 ATGGCGAAAT ASVn
TARGET  LABELS £
VALUES
i CONDITION 1 NORMALIZATION
| (E.G. HC CONT.
E UNSUPERVISED ML
| CONDITION 2
{(E.G. PAST CON e
S
)
CONDITION N = ©
{(EG. HC CLEAN =
) o = SAMPLES
APPLY LABEL TO
CLUSTERS
> «——
POST HOC TRANSFORMATION
Dim 2
A\ 4
SML TRANING———CLASS BALANCING «——— FEATURE <«—— MLARCHITECTURE
ENGINEERING SELECTION
Gutrnt positon o popuation New p of population New target to classify
— sVM ;
UL —KNNT @
— %
VNI 5 —NB
) » Personal best position influence \T..e,a.mns NeSe o ‘;°‘ dsd ey
\ = —> Current motion influence . —— RF
" © Global best posiion influence Optimal position MP —t—t—t—t——+—+
INADEQUATE [— Deep Auto Encoder
PRE-  _  , VALIDATION — »BEST ML MODELMESUFFICIENT
PROCCESSING Receiver operating characteristic of Test Data »%/’—\ ENVIRONMENTAL STATUE
= 10 ey LLl | MICROBIAL INTERACTION
g ggngPlfQOTEIN FOR
[ , [ea] l E = O | BIOTECH
[ To] | goe '5 POLLUTANT LEVELS
R O | BIOREMEDATION POTENTIAL
K PERTURBATION RESPONSE
B SAMPLE ORIGINS
- —— ROC curve (area = 0.65) El/%gﬂg
0.0 =
-

NEW DATA-EXTERNAL TEST

Figure 4. The interaction and interface in a general workflow to use ML approaches in encounters with rice phytobiome microbiome

omics datasets.

14

Plant Communications 5, 101078, December 9 2024 © 2024 The Author(s).



Rice phytobiome and climate change challenges

enhance the precision of forecasting models and offer significant
insights into the underlying reactions of molecular processes to
climate change (Herold et al., 2020; Layton and Bradbury,
2022). In conjunction with their ubiquitous nature, the essential
functions of phytobiome microbial communities provide us with
a comprehensive framework for prospective microbiological
instruments that could be used to understand, monitor, predict,
and perhaps lessen the fundamental repercussions of global
climate change.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

The rice phytobiome network, a complex assemblage of micro-
and macroorganisms that interact with rice and its environment,
is crucial for adapting to the challenges of climate change. The
diverse organisms within the rice phytobiome have direct and in-
direct influences on rice plant health and nutrient acquisition, as
well as overall rice ecosystem functioning; thus, it is imperative
to understand the complex interactions within the rice phyto-
biome to maximize its potential for climate change adaptation.
Among the leading actors in the rice phytobiome are the micro-
biome communities. Here, we conceptualized the rice phyto-
biome as an informative and integrated system with deeply hid-
den information and the plant microbiomes as a gigantic
dataset with esoteric sophisticated information for adaption of
rice to future challenges. Using novel, data-driven, and sys-
tems-level approaches, the rice phytobiome can be accurately
re-programmed to resist climate change threats by developing
prescriptive and predictive analytics for next-generation preci-
sion rice agricultural systems. Al approaches can handle massive
phytobiome data characterized by a mixture of several species,
high dimensionality, and sparsity owing to a lack of comprehen-
sive annotator expertise. ML techniques can be used to perform
prediction tasks and statistical associations between phyto-
biome data and rice phenotypes. However, improved integration
of multifaceted information on rice phytobiome data is required
for DL techniques to forecast phytobiome attributes more accu-
rately and thus improve rice for future climate-change challenges.
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