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Abstract

Rice, the staple food crop of half of the world population, is challenged by biotic and abiotic stresses which affect its productivity. Sustainable
rice production will ensure safeguard food security. It involves genetic background, climate and soil factors. Development of low-input
response varieties by genetically associating microbiomes involved in functional activities of rice growth and development offers scope for
sustainability. This review focuses on genetics influence on microbiome connections and use of these microbiome associations to create low-
input responsive rice varieties. Root exudates from traditional varieties with specific traits and unique microbiomes associations can prove
useful in developing low-input rice varieties. Analysis of functional traits such as nutrient mobilization, resistance to pests and adaptation for
abiotic stresses in various germplasm lines can help identify suitable parent plants for breeding. Study of the genetic mechanisms of
microbiome association through QTL mapping and transcriptomic analysis identifying the genomic regions regulating the microbiome-
related traits. Traditional breeding methods, marker-assisted techniques and rapid generation advancement strategies can be used to
develop lines for evaluation. It involves screening methods, identification of selection parameters, inheritance pattern and optimization of
field plot conditions need to be considered while developing the superior varieties. The evaluation pattern will be studied in various trials for
studying the genotype x environment interactions and better lines will be identified for varietal release. The low-input response rice variety
will be able to deploy specific microbes for functional activities.

Keywords:genotype-microbiome interaction; low input rice varieties; microbiome-assisted breeding; microbiome heritability; root exudates;
sustainable agriculture

Introduction Various strategies and approaches were followed to get
enhanced rice yield. During green revolution, semi-dwarf rice
varieties that are insensitive to light and have shorter growth
period were developed and introduced to get higher yield. Use of
fertilizers was also increased in high-yielding varieties that get
increased rice production. More fertilizers and supplements for
used to get high rice yield. The practice of rice farming became
more intensive due to the extensive use of chemical fertilizers.
Because of finding semi-dwarfing gene sd1, a mutant of the GA 20
oxidase gene (0s200x2), which leads to fertilizer responsive and
lodging resistances. Rice breeders intentionally selected fertilizer-
responsive lines in their breeding programs, with most rice
varieties responding positive to yield. Along with loss of nutrient
acquisition traits, which led to high fertilizer usage. The
indiscriminate usage of fertilizer in rice farming led to soil and
water contamination as well as increased susceptibility of major
rice pests such as the rice stem borer, leaf folder, brown plant
hopper and increased incidence of diseases, blast and grain
discoloration. All these resulted in severe yield losses and initiated
the need to replace chemical pesticides due to increasing

Rice serves as the main food source for over half of the global
population. It is enjoyed in various cooked forms including boiled
rice, gruels, pancakes (dosa) and steamed buns made from
fermented batter (idly). As per 2022-23 FAO data, India ranks
second in terms of rice production at the world map and has 47.8
million hectares of land dedicated to rice cultivation and covers
regions from Kashmir to Tamil Nadu (1). The crop grows across
different climatic zones and ecosystems including lowland and
upland areas. The crop is grown via methods like transplanting
and direct seeding. Generally, rice growth requires about 730 m?
of water for getting a yield of about one metric tonne (2). Indian
rice types are categorized under the indica subspecies. They show
characteristics such as good height, tendency to lodge, sensitivity
to light, grain shattering and low yield. Low productivity has been
noted in indica varieties in both pre- and post-independence eras.
A bulk of rice grains is imported from Myanmar to meet out the
increasing demand.
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environmental concerns such as deterioration in soil health and
heavy metal contamination (3) (Fig. 1). Rice is usually grown in
flooded conditions, which facilitates the movement and
accumulation of heavy metal/metalloids (from agricultural and
industrial waste and other chemicals) in rice plants (4). The need
for developing the other alternative strategies which are eco-
friendly and contribute in maintaining high yield for longer
duration was realized.

The role of plant-associated microbiomes is important for
sustainable cultivation, especially within rhizosphere facilitate
nutrient uptake, promote plant growth and provides resistance to
biotic and abiotic stressors. The genetic basis of plant-microbe
interactions can lead to the development of rice varieties that are
not only tolerant to environmental stresses but also capable of
thriving in contaminated soils, offering a dual benefit of improving
crop yield and ensuring food safety in vulnerable populations.
Analysing microbiomes followed by their colonization and strong
genetic compatibility results in enhanced fitness through
microbial association. This interaction positively impacts crop
productivity by boosting the presence of nutrient transport genes.
A high rate of association among microbial taxa, support the soil
microbiome thus leading to increased yields (5). This strategy not
only helps in increasing production and nutrient accumulation but
also proves useful in curtailing abiotic stresses and works
antagonistic to plant pathogens. The interaction between the

2

microbiome in rice roots triggers the production of root exudates
that facilitate the release of nutrients. Besides this low molecular
weight organic acids and bio-chelating agents (phytosiderophores)
also aid in nutrient accumulation. This interaction is more
interconnected and complex in wild types of rice. More stable and
diverse microbial communities exist in changing environments (6).
Those m-gene responsive for interaction will help in future breeding
programmes and enhancing the biocontrol potential (7-9).

The tall indlica land races possess the ability to mobilize
nutrients through their natural association with microbes at
various levels for nitrogen, phosphorus, potassium, zinc and iron.
The tall indica rice genotypes exhibit a stronger association with
microbiomes compared to modern high-yielding semi-dwarf
varieties (10,11).

This review examines the influence of rice genetic factors
on the diversity of microbiomes and their role in promoting
sustainability by providing a broad perspective, including genetic
elements of characteristics and their heritability, as well as how
domestication affects microbial interactions. Additionally, it
highlights challenges in breeding and practical applications such
as SynComs and nutrient availability. It also addresses recent
advancements in rice research through “omics” methodologies
and their associated challenges. The article stands out for its
broad, practical and forward-thinking approach to microbiome-
assisted rice improvement.
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Fig. 1. Major issues related to present day rice cultivation.
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Understanding the microbiome: a key to sustainable rice
breeding

The microbiome is the community that contains bacteria, fungi,
archaea and viruses. If we exclude viruses, it is termed microbiota
(12). Another definition of microbiome given by Lederberg
describes microbiomes within an ecological context as "a
community of commensal, symbiotic and pathogenic
microorganisms within a body space or other environment." The
specific plant microbiome refers to the microbial communities
that are linked to the plant and can exist, flourish and interact with
various plant tissues, including roots, shoots, leaves, flowers and
seeds (13). It is considered a priority to increase the sustainability
of food production in the context of climate change in recent
years (14). The plant microbiome can be differentiated into three
parts: the phyllosphere, endosphere and rhizosphere (Fig. 2). This
differentiation is based on the site where microorganisms are
present and where interactions take place. If the microorganisms
are present above ground, i.e. on plant surfaces like leaves, stems,
flowers and fruit, this is referred to as the phyllosphere
microbiome. Leaves are dominant part in context to phyllosphere
(15,16). The phyllosphere contains bacteria, fungi, archaea,
protists and viruses.

In rice, this community consist of mostly bacteria, fungi (6).
Algae in the phyllosphere are considered to generate
photosynthates for the use of heterotrophic microbes in the
phyllosphere. In addition, they are involved in nitrogen
mobilization, which is one of the major regulators of nutrient
cycling. The part where the microbes are present in different plant

tissues is known as the endosphere. The predominant function (up
to 72 %) of the rice endophytic microbiome is to synthesize various
biosynthetic products like amino acids, nucleosides and
nucleotides, fatty acids, lipids, etc., followed by the production of
precursor metabolites and energy (13.06 %), while decomposition,
consumption and other activities account for 11.5 % (17). The
rhizosphere region is the most studied microbiome among the
three. It is a region where soil and its microbial communities are
associated with the plant root zone. This region is considered as a
hotspot for microbial communities which play a vital role in the
growth and development of plants (18). Plant microbiomes play
an important role in maintaining soil quality, thus increasing rice
production and food security. This can be achieved by influencing
the different stages of crop growth from sowing to maturity (19).
For example, Exiguobacterium R2567 is a root microbiota that
regulates tiller numbers in rice by producing Cyclo (Leu-Pro),
which act similarly like plant's native hormone strigolactones (20).
Understanding the interactions within host-microbiome systems
and finding species along with their respective functionalities in a
particular environment can prove to be a good strategy for getting
enhanced rice yield, sustainability in farming practices and
resilience under stress conditions (Table 1). Gene-related
information in the plant microbiome, can be used in determining
the microbial communities that support crop growth maximally
and/or provide disease resistance (21). This gene-related research
can aid in developing low fertilizer input responsive types that can
grow in resource-limited settings while maintaining high
productivity and sustainability.
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Fig. 2. Depiction of rice-microbiome interaction at various levels (phylloshphere, rhizosphere and endosphere).
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Table 1. Microorganisms and their functions
Microorganism Activity involved Genotype/plant material Reference
Phyllosphere
Azorhizobium, Rhodopseudomonas. . . (22)
; Nitrogen fixation
Cyanobacteria
Acinetobacter, firmicutes, Bacteroidetes, . Oryza sativa (23)
proteobacteria Remediate of Methanol
Methylobacterium (leaf) Plant growth-promoting metabolites Oryza sativa landraces (24)
Acinetobacter, Aureimonas, Pantoea and 0 tiva L . .
Pseudomona Immunocompetence against blast disease. ryzasativa L. var. japonica cv. (25)
Xiushui 63
siderophore production, inorganic phosphate ~ Seven genotypes of rice ADT- 38,
Pseudomonas sp. and Bacillus solubilization, HCN production, Ammonia ADT-43, CR-1009, PB- (26)
production, production IAA and cytokinin 1, PS-5, P-44 and PB-1509
Defence against pathogens by competing for (6)
Phaeosphaeria resources. And production secondary Oryza rufipogan
metabolites
: : plant growth stimulation, enhancing the . e (27)
Curtobacterium pusillum nutrient availability Oryza sativa Koshihikari
Endophytes
Bacteria . [ i and Produce indole related compound and Plant  Oryza sativa L. genotypes Arborio, (28)
Pantoea anantis, Pantoea eucalypati an growth promotion Lamone, Arsenal and Ermes
Pantoea vagans related strains
. . Contributing to methane production and . .
Methanospirillum and Methanobacterium nutrient cycling Various species (29)
Desulfomonile and Ruminiclostridium, nitrogen fixation and cellulose degradation
. . . L Oryza officinalis 30
Actobacillus, Acinetobacter and Phytopathogenic bacteria, nitrogen removal, Y (30)
Dechloromonas biodegradation and iron oxidation
Tianyouhuazhan (TFHZ),
Pseudomonadota (Proteobacteria) . - Zhongzheyou-H7 (ZYHT) and (31)
and Actinomycetota (Actinobacteria) Heterosis and hybrid Vigor Huazheyou-261 (HZ261)
Rhizosphere
Actinobacteria and Chloroflexi Drought tolerance Oryza glaberrima, Oryza sativa (32)
Proteobacteria de-nitrifier and nitrogen-fixing bacteria . . .
Oryza sativa L. var. japonica cv. (33)
Azospira de-nitrification and degradation of organic Xiushui 63
P matter
- Plant growth-promoting and Cd-removing Oryza sativa L. var. japonica cv.
Rubrivivax capacity Zhonghua 11
Novosphingobium Increase Plant development and productivity Oryza sativa (35)
. . : . Nutrition cycle support. Pathogen suppression.
Novosphingobium, gaiella, Nocardioides, : e - :
AP ’ Nutrient assimilation. Enzyme production., Oryza sativa (36)
Hydrogenophaga, lamia and Geobactor Hormone secretion
Exiguobacterium R2567 Regulates tiller number by producing Cyclo  Oryza sativa L. indica and Oryza (20)

(leu-Pro)

sativa L. japonica

Genetic factors influencing microbiome diversity in rice

The Mendelian and quantitative genetic variations contribute to
microbial heritability. These factors play a crucial role in shaping
the diversity of the microbiome associated with crops. Resilience
and productivity are influenced by varying environmental
conditions (37). It is very important to understand the genetic
influences which can prove useful in developing rice varieties that
utilize microbial interactions in a better way to get enhanced
growth and stress tolerance. For example, the OsPALO2 gene is a
key player in the regulation of beneficial microbial communities in
rice, linking plant genetics to microbiome diversity and
functionality by influencing 4-hydroxycinnamic acid (4-HCA)
production, which plays a significant role in shaping the rice
phyllosphere microbiome and enhancing plant resilience against
diseases by increasing the population of Pseudomonadales (38).

Additionally, understanding of genetic insights about
microbiome interactions may provide the way for getting
improved and reliable breeding strategies that can be used to
develop varieties with better rice quality and more productivity. In
this case, the calcineurin B-like interacting protein kinase 2 gene,
which plays a significant role in regulating root-associated

microbiomes, could further enhance nutrient uptake and stress
resilience in rice varieties (Table 2). This gene not only helps in
nitrogen uptake but also strengthens its overall resistance to low-
nitrogen stress conditions (39). Likewise, plants possess many
genes that regulate the composition of chemicals released from
their roots, known as root exudates. These exudates include
chemical compounds like sugars, amino acids, organic acids and
specialized secondary metabolites. These compounds not only
act as a nutrient source for soil microbes but also function as
biochemical signals that attract or repel specific microbial groups
in the rhizosphere. This composition of root exudates is
genetically controlled and different plant varieties release distinct
chemical exudates (40,41).

The genetic differences directly influence the assembly
and structure of the microbial communities that colonize the root
zone. Interestingly, studies have shown that the microbial
community is shaped early in the plant’s development, guided by
the specific exudate patterns produced (42). Furthermore, the
VHA-A1 mutation in rice indirectly drives a change in the microbial
ecosystem by altering rhizosphere conditions through root
exudates, which can have downstream effects on plant health
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and productivity (43). The plant genetic factors determine
exudate composition and also play a crucial role in controlling the
existence of beneficial bacteria and fungi (40). Understanding and
harnessing this genetic control over the root microbiome opens
ways for microbiome-assisted crop improvement and sustainable
agriculture (44). The genotype of the plant significantly influences
the structural and functional variability of the microbiome found
in the rhizosphere. The architecture of roots is crucial for the
community present in the root zone. However, the establishment
of the microbiome is not purely reliant on genetic factors but is
also influenced by the environment and developmental stages of
the host. In seeds, the microbiome influences the initial
establishment of beneficial microbial communities, which are
crucial for promoting plant health and productivity (45). This
highlights the importance of integral approaches in rice breeding
for yield stability (46). Additionally, microbiome diversity is not
solely dependent upon the host genotype; rather, it is influenced by
various environmental factors that shapes microbial communities.
Hence it is difficult to understand plant-microbe interactions and
the transmission of those microbes that play a role in
comprehensive breeding strategies (47). It necessitates the
formation of field plots for screening by increasing the microbiome
diversity which are involved in functional properties. The process of
rice domestication has significantly influenced the development of
the contemporary microbiota community associated with
cultivated rice varieties. To regain the complex and more diverse
community of microbes through the incorporation of wild types
into breeding programmes for more novel genes and superior

Table 2. Genes influencing microbial taxa and their roles in rice

varieties with chemical exudates profile (6,48,49). The microbial
communities get affected in an environmental stress condition. For
example, some orders of fungj, like Pleosporales and Capnodiales,
increase during drought and can enhance the resilience of rice
plants by improving nutrient acquisition and stress tolerance.
Certain species such as Ceratosphaeria spp. and Boudiera spp.,
show a positive correlation with yield (37).

The genetic and proteomic components that govern
microbial interactions can be manipulated; however, the specific
microbial entities with which we seek to engage are a result of the
environmental conditions surrounding the host organism or we
must introduce them to the specific environment. However, the
microbial community is heavily influenced by external factors like
plant age and soil microbiome. A group of microbes is always
linked to the plant microbiome and shows genetic variation,
which means some numbers are influenced by the plant's genes.
The interplay between genetic factors and soil microbiome plays
a major role in shaping plant phenotype than the genetic factor
alone was investigated (50). Diversity of microbiome is not shaped
by a single genetic trait alone, but complex interplay of multiple
factors like root architecture, signalling pathways and
environmental stress conditions (51). This indicates that
integration of both genetics and environmental needed in rice
breeding programs. Understanding these interactions is essential
for developing sustainable agricultural practices by reducing the
chemical inputs while enhancing the resilience of rice crops by
incorporating the microbes.

Gene Microbial taxa Activity involved Reference
kdpA; phoA Alcaligenes faecalis micronl?tl:;lnatgl\slglyu?)ri]lirzﬂ;: ;F;T:;Eijrr;dvia acid
Metabacillus indicus ’” production (52)
PI.UrSI?S.P/.[G[UtN Piriformospora indica Enh.a.nce.d nitrogen transport;
and Pi.GlutS Azotobacter chroococcum phosphorus mobilization and transport of phosphate by (53)
Pi.HexT5 and Pi.PT roots from the external rhizosphere
acds gene encodes for the enzyme 1-
Bacillus subtilis; Brucella haematophilum; am|nocyclopropa.ne—.l—car.boxylate (ACC)
acds; - Multiple rhizospheric taxa Increases water retention in soil; promotes drought (54)
P P resilience; Reduces ethylene via ACC deaminase;
mitigates stress-induced inhibition.
Three microorganisms more relevant to assimilation of
) - . . . Fe, Mn and Zn which promotes the growth and
Azospirillum sp.; Bacillus sp.; Pseudomonas sp. productivity through enhance of metabolic and (55)
alleviation of micronutrient in adverse environments
- - Functional redundancy for PGP traits; improved plant
multl-%gnﬁé\élcai;G)S rRNA Rhizospheric microbial consortia growth like higher germination percent and increase in
a g shoot length. (56)
- . PGPR activities, example nitrogen fixation, phosphate
nifH + gcd + acdS PGPR consort/lfz((gaicrlillllzsﬁﬁseudomonas, solubilization, IAA production, ACC deaminase 57
P production and siderophore production. (57)
OsAUX1 and OslAAI; Produces IAA and ACC deaminase; stimulate root hair
OsYUCCA1, OsYUCCA3, Os! Streptomyces sp. proliferation, lateral root formation, early-stage nutrient (58)
PT3 and OsIPT5, uptake and involved auxin signalling.
managing blast disease antibiosis and induced systemic
OSPAD%SOES;&’OI and endophytic Bacillus spp. resistance via the Jasmonic acid-dependent signalling (59)
pathway.
OsPR1.1, OsNPR1, . . Activation of those genes through conferred
OsPDF2.2, OsFMO, OsPADA4, Ac:netobacterF,);leuurngnoonna;; Pantoea and immunocompetence against blast disease by direct (25)
OsCEBiP and OsCERK1 antibiosis and defense elicitation
Calcineurin B-like Phenylobacterium sp., Rhizobium sp., 5?1%1?%?(%1I;?—;g:lirf]igire);%ckc%w driltcig rﬁ)slagbse’rgirtggé?gg
Interacting Protein Kinase Pleomorphomonas sp., Devosia sp., f0 CIPKZg ith t ifi moter h P b (39)
2(CIPK 2) Sphingomonas sp. and Azospirillum sp. Ot UsCLIPAZ with a root-speciiic promoter has been
shown to improve rice growth and nitrogen uptake
fungal taxa, particularly Ascomycota phylum  VHA-AI gene mutation in rice plants leads to an 'early
VHA-AL and specific genera senescence leaf' (esl) phenotype, which significantly (43)

like Cladosporium, Gibberella, Humicola
and Penicillium.

alters plant physiological processes and, consequently,
the composition of rhizosphere microbial communities
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Investigation of host-microbe interaction on grain quality and
nutritional traits

The complex interactions existing among different microbial
communities and their contribution to the quality of grains and
nutritional characteristics was studied by different groups (50).
Recent advances in genomics have shown that beneficial
microorganisms not only possess the capacity to enhance the
nutritional profile of grains but also bring resilience against a
range of abiotic stresses. Present studies demonstrated that
microbial taxa could augment the bioavailability of essential
micronutrients such as zinc and iron, which are critical for human
health (60). Microbial interactions taking place within the complex
environment of the rhizosphere play a crucial role in facilitating
the solubilization of essential nutrients which significantly
improve/enhance the ability of plants to absorb these vital
elements. This ultimately results in an increase in the overall
quality of grains with an improvement in their nutritional value.
The accumulation of essential nutrients within cereal grains is
modulated by the intricate interactions between host genetic
factors and microbial communities. Studies have demonstrated
that NPF1.2 gene is supposed to facilitate the transport of nitrate
while concurrently shaping the specific microbial taxa that
contribute to nutrient acquisition (61).

Acknowledging this complex interaction is pivotal for
elucidating the mechanisms underlying nutrient accumulation,
which in turn enhances grain quality and elucidates the genetic
determinants and microbial dynamics that arise from these genetic
influences. Moreover, during stress conditions, microbial groups
play a special role in regulating biochemical processes, which affect
the quality of grain and changes in the diversity of microbes (50).
The microbial communities not only assist in nutrient accumulation
but in addition improve grain quality by decreasing heavy metal
accumulation (4). Furthermore, the incorporation of zinc-
solubilizing bacteria within rice cultivation practices increases
nutrient availability and elevates overall grain quality (62). Thus,
assembly of microbial communities is not random; rather, they are
actively scrutinized by the plants to enhance nutrient acquisition
(63). Recent improvements in system biology help in studying host-
microbe interactions. By identifying and breeding for specific M-
genes that promote beneficial microbial associations, it is possible
to develop crops with enhanced nutritional value combined with
various stress tolerance. For example, genome-wide association
studies have identified genetic loci in maize that influence the
composition of the rhizosphere microbiome, which for improving
nutrient acquisition and disease resistance (64). Similarly, CRISPR-
Cas9 editing has been used to engineer genes, therefore it enables
the development of crops with enhanced microbial occurrence by
editing the responsible genes for interaction, as result increased
levels of nutrient uptake and overall fitness (65).

Understanding heritability in the microbiome context

The concept of heritability serves as an important criterion for
understanding the genetic factors contributing to phenotypic
variation within populations. Thus, heritability has expanded the
understanding of host-associated microbiome. This led to the
emergence of holobiont heritability, where both genetic and
microbial components of a host are considered in shaping
phenotypic traits. Understanding the heritability of the microbiome
is increasingly recognized as crucial for applications in plant

breeding, microbiome engineering and sustainable agriculture (66).
Knowing the genetic factors influencing microbiome assembly will
enhance crop resilience and for optimizing microbial interactions,
as a result, productivity in a sustainable way. Factors influencing
microbiome heritability due to host genetics and environmental
conditions. Additionally, root architecture significantly shapes
microbial communities through their exudates in the rhizosphere
(67,68). Host genotype effects on microbiome composition are
more in the rhizosphere than in other plant parts. This indicates that
root architecture, influenced by genetic factors, plays a significant
role in determining microbiome structure breeding for superior
root architecture (root branching and root hairs) can enhance
microbiome heritability, leading to improved plant health and
productivity (42). Therefore, understanding the heritability of
microbiomes can lead to the identification of genetic traits that
promote beneficial microbial interactions.

Additionally, heritability estimates for plant-associated
microbes are generally low, due to being influenced by both
genetic and environmental factors, with randomness of
environmental processes potentially masking genetic effects (69).
Reliability of heritability estimates depends upon accurate data
modelling and experimental design. The necessity for enhanced
plant-microbe interaction arises from the fact that domesticated
rice possesses adequate root architecture with respect to
agronomic characteristics. Understanding the genetic control of
such traits and their influence on microbial assembly, can enable
breeders to target these traits to increase microbiome heritability
(70). The concept of microbiomes as extended host phenotypes
suggests that heritable microbes are consistently affected by host
phenotype and fitness over time, potentially playing a role in host
evolution and ecology (69). This understanding about the
heritability microbiome is important for breeding programs to
enhance agricultural sustainability and crop resilience.

Breeding strategies for optimizing rice-microbiome interactions

To optimize crop-microbe interactions through breeding
techniques, efforts should be focused on enhancing genetic traits
that promote beneficial microbial associations for the nutrient
uptake and increased resilience against environmental stresses.
The source for such novel traits can be found in related wild types
and landraces of rice. The diverse genetic backgrounds and
adaptations help in establishing a wild rice with a more diverse
and complex network of microbes that are well-adapted to its
natural environment (6,71). The incorporation of these traits
through modern breeding techniques can help in achieving the
desired interaction, which enhances the microbe’s functionality
and leads to higher productivity and resilience in a sustainable
way. Conventional breeding show certain limitations in
microbiome-mediated breeding, such as it is more time-
consuming and show low selection (47). To overcome these
issues, modern biotechnological tools are required and
incorporation of these tools helps in the development of rice
varieties that can get associated with beneficial microbial
communities (72). To breed the extended genotype, integrating
these native landraces into breeding initiatives can boost genetic
diversity, which creates novel interactions due to their natural
selection and absence of bottlenecks, resulting in better
microbiome interactions and increased resilience to the
environment (73).
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Technique of metagenomics is employed to analyse the
genetic material of entire microbials or particular microorganism
from communities present in various environments.
Conventional breeding takes time and is not reliable due to errors;
therefore, use of integrated system biology and biotechnological
tools reduce the time required and increase the reliability of
incorporating genes responsible for beneficial microbial
interactions (74,75). Use of advanced tools can significantly
enhance the efficiency of breeding programs, allowing for the
faster development of rice varieties and microbiome mediated
low input responsive variety, which holds the potential for
enhance crop performance, especially in nutrient-poor
environments by leveraging plant-microbe interactions, which is
important in nutrient deficient and minimal external inputs like
synthetic fertilizers and pesticides (76). A previous study in indica
and japonica-enriched bacterial consortia to explore nitrogen
uptake in rice under restrict N sources and identified NRT1.1B
gene as key regulator in recruiting N-metabolizing microbiota and
this highlights the role of host genotype-microbiome interaction
promotes nitrogen use efficiency for developing low input
response varieties (77) (Fig. 3). For more accurate results, Genome
-Scale Metabolic models (GEMs) assist in clarifying microbial
functions by outlining metabolic reactions and fluxes, allowing
researchers to forecast which microbial characteristics (78). These
advances guide rice breeding programmes to more precisely host
traits, which ultimately leads to improved relationships. In
addition, the eco-evolutionary model provides an understanding
of how rice genotypes interact with their microbiomes over time
(79). Here, not only do genetic factors play a major role, but the
environment does as well, so we need more reconfirmation in
different environments. To counter this flaw, we need a newer
model like microbiome enable genomic selection, which uses
SNPs from plants and connects data from the associated
microbiome framework, revealing improved predictive precision
for trait selection in maize. Implementing similar genomic
selection techniques in rice breeding may yield more accurate
breeding results, assuring that chosen varieties are ideally
adapted to environmental conditions and challenges (41). From
this, we can also find specific environments environment positively
correlate with specific beneficial microbe communities. Once the
genes or genetic factors responsible for the interaction are known,
gene editing tools like CRISPR/Cas9 technology can be employed to
precisely edit genes associated with beneficial microbial
interactions, enhancing rice varieties resilience and productivity in
diverse environmental conditions. By the combination of those
technologies and incorporating those in the breeding field will aid in
the development of more resilient rice varieties with complex and
diverse interactions with microbial communities, as this will
ultimately help in achieving sustainability in agriculture.

Multi-omics integration for understanding host-microbe
interactions

The use of advanced techniques has changed our knowledge
about microbial communities and their interaction with the host.
Metagenomics, metatranscriptomics and metabolomics offer
complex but complementary points of view on the microbial
world, especially on plant health, soil ecology and sustainable
agriculture. Metagenomics serves as a fundamental tool in
microbiome research by enabling the investigation of the entire
genetic material present within environmental samples, without
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Microbe-
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&Asspciation and validation

If validation fails,
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Fig. 3. Flow chart showing steps involved in development of sustainable
low input responsive varieties.
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the need for culturing individual organisms. In a previous study
conducted on the rice phyllosphere among 166 identified
bacterial species, 121 were found to be novel species (80). High-
throughput sequencing technologies allow for the reconstruction
of microbial community profiles from soil, rhizospheres and plant
tissues (27). These insights are instrumental in identifying both the
diversity and abundance of microorganisms, including those with
Plant Growth-Promoting (PGP) traits. Some previous studies have
highlighted the power of metagenomics to uncover microbial
taxa involved in nutrient cycling, phytohormone production and
stress resistance functions that are critical for developing
microbiome-based strategies for sustainable agriculture (63,79).

However, the presence of a gene does not necessarily
mean that it will be expressed or active. To address this gap, meta
-transcriptomics is used to capture the active state of microbial
communities by sequencing total messenger RNA (mRNA). This
approach provides a snapshot of genes being actively transcribed
at the time or time of sampling, giving a real-time insight into
microbial functionality under specific environmental or biological
conditions (81). For example, a study conducted in switchgrass
indicates variation (during the late season) in expression of
microbial genes, particularly upregulation of GcpE and LytB
genes. As a result, isoprene biosynthesis pathway increases and it
is known to act as signalling molecule in stress response (82), in
another similar study conducted on contribution of rhizosphere
microbiome in rice salt tolerance (83). Techniques such as
illumina sequencing, after rRNA depletion and reverse
transcription, allow researchers to trace gene expression
dynamics linked to plant-microbe interactions. Functional
annotation through tools like Bowtie2, KEGG and Gene Ontology
enables the mapping of microbial contributions to metabolic
pathways, which can influence traits such as disease resistance,
nutrient uptake and abiotic stress tolerance in plants (84), which

will help in later breeding programmes and microbiome
engineering. Nevertheless, technical hurdles like mRNA instability
and the ratio of rRNA in total RNA extractions remain challenges
that need refinement (85,86). To complete the interaction view,
metabolomics is applied to study the chemical fingerprints left by
microbial and plant metabolism.

This approach identifies and quantifies small molecules
(metabolites) in plant tissues or rhizosphere through root
exudates, reflecting the ultimate output of gene expression and
enzyme activity. Metabolomics is thus considered a phenotypic
endpoint of biological processes and is pivotal for understanding
how microbiota influence plant secondary metabolism, stress
responses and growth (87,88). For example, a previous study used
metabolomics to analyse root tissues of Aconitum vilmorinianum,
identifying unique alkaloidal metabolites linked to microbial
functions (81). Moreover, integrative approaches combining
metabolomics with predictive tools like PICRUSt2 and FUNGuild
have revealed how rhizosphere microbes modulate amino acid
metabolism  pathways, influencing bioactive compound
synthesis. For example- the GmAMT2.1/2.2 gene from soybean
encodes ammonium transporters in roots, which also mitigate
cadmium exposure by upregulating the gene under cadmium
stress and causing significant changes in the microbial
community due to changes in root exudate composition resulting
from those genes (89). The incorporation of multi-omics facilitates
significant insights about the metabolites that steer microbial
communities, their functions and the genes responsible for
metabolite production (Fig. 4). This information will help integrate
those genes into breeding programs, aiding in the development
of rice varieties that not only thrive in diverse environmental
conditions but also contribute to sustainable agricultural
practices, enhancing food security and environmental health (65).

Develops resilient
and high-yielding
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Predictive Breeding

Uses data for
precision
breeding

strategies.

Identifies genetic materials
of microbial diversity and
potential functions.

Integration of multi-omics facilitates
gives understanding about complex
interplay between Plant and
microbes.
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expressed genes and real-
time activity during stress

conditions.

Maps chemical
footprints and
metabolite of Host-
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Fig. 4. Integrative multi-omics for microbiome-assisted rice improvement.
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Challenges and future directions in microbiome-driven rice
sustainability research

In consideration of the increasing knowledge regarding the crucial
role of the rice microbiome for its sustainability, a multitude of
challenges including likely limited resolution of microbial
communities, lack of standardized phenotyping and data
integration are in the genetic implementation microbes through
breeding programmes and their complexity and their constant
changes in during the lifecycle of host that need to be addressed.
These include understanding the interactions between
microbiome-encoded genetic factors and host traits, as well as the
complexities of microbiome transmission during breeding
processes (90). The major area of research uses sole 16S rRNA
sequencing to study microbial communities, but this sequencing
has its disadvantages, such as being applicable only to bacterial
communities, its resolution power and its inability to draw
conclusions about the functions or accurately identify the species
present (27). This disadvantage reflects in the plant microbiome
due to its failure to address the other microorganisms present
alongside the identified microbes, which leads to the neglect of
those microorganisms' influence and interactions with the host and
other microbes in the community. To effectively address these
diverse microbial assemblages (microbiome), it is costly to utilize
distinct primer sets and specific ampilification conditions, using 16S
rRNA for bacterial identification and ITS for fungal analysis in this
investigation. The standardization of the steps may require a
process of troubleshooting and validation of errors, thereby cost
will more atinitial implementation (91).

In addition, the resolution of microbial communities
should increase using next-generation sequencing for more
accuracy. Estimating microbiome heritability is complex due to
the use of compositional data, which can lead to spurious
correlations and biased estimates. This issue is particularly
pronounced for dominant taxa and when large sample sizes are
involved (92). Phenotyping the microbiome in host-associated
systems presents a variety of challenges arising from both
biological complexities, such as host traits, environmental factors
and interactions with other microbes, as well as technical
limitations.

The task of isolating the specific contributions of
microbiome-encoded genetic factors have challenges like
confounding effects (difficulty to separate direct genetic effect
from microbiome-mediated ones), insufficient sample size and
weak host-microbe association. In addition to that, the variability
and low heritability of microbial communities to phenotypes also
contributes to the problem. Such variability makes it difficult to
set a standard microbial diversity in ecology (70). Although
superior plant varieties can be developed with better root
exudates and traits that boost nutrient uptake for microbial
interaction. In contrast, the microbes attracted through those
exudates will differ depending on the environment, making the
implication more difficult under different conditions.
Understanding these dynamics will be crucial for developing
effective microbiome-based breeding strategies. Furthermore, it
will be difficult for to study phyllosphere interaction because of
the low biomass of microbes to analyse and the presence of
environmental inhibitors.

Addressing these challenges will require innovative
sampling techniques and advanced analytical methods to
accurately capture and analyse the microbial diversity present in
varying environments and require more time of research to
develop reliable methodologies for assessing microbiome
interactions with plant traits across diverse conditions (93). A
major difficulty or challenge is that the genetic factors are already
present, but microbes do not dominate in specific places or
environments. This leads the research to restrict to area-specific
studies and the colonization of bacteria is good idea but has their
disadvantage like presence of these inoculated microbes
interference from naturally occurring environmental strains
makes it difficult to directly link yield improvements to the
inoculated microbes (24). In that case, we can go for synthetic
microbial communities (SynComs) inoculation, which are
designed to study interactions between microbes and their hosts
in a controlled environment, limiting external factors. However,
that is also challenging because there is not full understanding of
balancing microbial diversity with functional specificity (94).

The final challenge posed by multi-omics microbiome
data and their validation is due to their significant complexity of
the involved datasets and limited model for analysis. A key issue is
the high dimensionality of the data, where each omics layer (such
as taxonomic profiles, pathway-level data and metabolomics),
contains many features that are often highly variable. It is
essential to filter out rare or low abundance features to ensure
that the following analyses are strong. This issue is made worse by
different processing methods of different omics, which can
introduce biases or technical artifacts that further complicate
data interpretation. Furthermore, large-scale data will also lead to
false discovery of candidate genes associated with specific traits,
complicating the identification of reliable genetic markers for
breeding programs (69,74). For instance, the GmAMT2.1/2.2 gene
in soybean plays a crucial role in mitigating external cadmium
toxicity and its effects on microbial communities; however, the
full potential of this gene has not been fully explored (89).
Furthermore, biological validation requires extensive data from
independent cohorts or experimental setups that have
comparable multi-omics measurements. Variations in sample
collection, processing and presence of various types of microbes
present across studies result in differences making the
comparison more difficult. As noted, even with robust statistical
pipelines, there is often a lack of systematic mapping between
multi-omics interactions and known biological pathways or
disease mechanisms (74).

The sustainability of rice production is under increasing
threat from environmental stresses and climate change patterns.
Limiting factors in rice production under present scenarios have
been discussed. Microbiome-driven research offers promising
solutions to enhance rice cultivation. However, this also faces
challenges that need to be addressed. Firstly, to effectively
harness breeding programmes and microbiome engineering for
rice improvement, it is crucial to identify Quantitative Trait Loci
(QTLs) associated with beneficial microbial interactions. Current
state of microbiome-QTL platforms demonstrates promising
integration of plant quantitative genetics with high-resolution
microbial genomic data, but considerable development is yet to
be achieved (95). But we need more and refined resolution of
microbial quantification to accurately map these interactions.

Plant Science Today, ISSN 2348-1900 (online)



PRASANNAET AL

Enhancing the precision of microbiome-QTL platforms will
facilitate the identification of specific genetic loci that influence
microbial community dynamics in rice and precision can be
achieved with the assistance of next-generation sequencing (96).
Before the practical use of microbiome-mediated technologies in
breeding programs, it is essential to validate these QTLs across
diverse environmental conditions to ensure their stability and
applicability in real-world scenarios. Additionally, for accurate
validation, the implementation of conceptual and analytical tools,
such as network mapping in microbiome research, can provide
insights into the interactions between plant genotypes and,
importantly, between the microbes. This will help in countering
the complex interactions and their heritability (97). These new
models should have to more reliable and accurate for complexity.
Additionally, it holds the reliability for future research. More to
add, understanding that complex interplay within and among
biological systems is increasingly needed in microbiome research
(74,98).

In the future, this improvement will produce a large amount
of data and for that, we need a proper model to interpret and
manage this information effectively; otherwise, it will lead to false
interpretations (92). SynComs can enhance our understanding of
these interactions by providing a controlled environment to study
the effects of specific microbial combinations on rice health and
productivity. Moreover, this artificial communities have their
drawback when comes to field level on replicating the complexity
of natural microbiome and this challenge requires further research
to ensure that findings from SynComs studies can be effectively
applied in real-time (99). Integrated approaches of microbial
ecology this can lead to improved agricultural practices and
sustainability.

Conclusion

Microbiome associations in wild relatives of rice and landraces is
attributed by host genetic factors and their adaptive environments.
The coordinated genetic regulations enable the rice to attain
growth and development. Transfer of microbiome associated traits
through breeding strategies should involve recent techniques and
methods for developing more resilient rice variety. Low input
response rice varieties will have positive impact on rice growing
environments due to reduced usage of chemical inputs for
cultivation. Improving the microbiome diversity in rice environment
will have long lasting effect on soil fertility and sustainability. To
achieve the development of superior microbiome mediated
varieties, efforts are being undertaken to characterize the wild
relatives and land races for microbiome association on genetic,
metabolomic and phenotypic levels. Breeding efforts should be
focused on rice geographical region by mapping the climate and
soil parameters for developing region-specific low input response
rice varieties which have specific and abundant microbiome.
Microbiome mediated crop improvement is still in conceptive
stages but can prove as an efficient and effective method to
overcome the negative impacts of high chemical inputs usage in
the near future.
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