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Climate change-induced stresses are perceived by plants at the root-soil
interface, where they are alleviated through interactions between the host
plant and the rhizosphere microbiome. The recruitment of specific
microbiomes helps mitigate stress, increases resistance to pathogens, and
promotes plant growth, development, and reproduction. The structure of the
rhizosphere microbiome is shaped by crop domestication and variations in
ploidy levels. Here we list key genes that regulate rhizosphere microbiomes
and host genetic traits. We also discuss the prospects for rigorous analysis
of symbiotic interactions, research needs, and strategies for systematically
utilizing microbe—crop interactions to improve crop performance. Finally, we
highlight challenges of maintaining live rhizosphere microbiome collections
and mining heritable variability to enhance interactions between host plants
and their rhizosphere microbiomes.

Rhizosphere microbiomes

The concept of plant holobiont (see Glossary) has been around for decades, but has recently
gained significance due to the strong interdependence between plants and their microbiomes.
This plant-microbiome interaction presents a valuable opportunity for manipulating both plant
and microbiome genomes to enhance plant growth, improve plant health, and reduce the envi-
ronmental impact of crops. Hence, harnessing the potential of the plant-associated microbiome
brings us closer to achieving agricultural sustainability. While the phyllosphere (the aboveground
plant parts) constitutes the largest microbial habitat on planet Earth, the microbiome it harbors is
exposed to severe abiotic and biotic constraints, making it heterogeneous and unstable [1]. By
contrast, the rhizosphere, a hotspot of microbial activity, offers a relatively stable environment
with buffered fluctuations, thereby being the system of choice when attempting microbiome
engineering. This zone harbors a rich range of diverse microorganisms, including bacteria,
followed by fungi, viruses, and phages [2]. In this review, we have restricted ourselves to the
two most dominant groups in the rhizosphere: bacteria and fungi. Extensive research has identi-
fied biotic and abiotic factors that shape the rhizospheric microbial communities. The tripartite
interaction between the plant, the microbiome, and the environment determines the diversity of
the rhizospheric microbiome [3,4]. Factors such as plant species, genotype, and rhizodeposition
profile play a crucial role in recruiting specific rhizospheric microorganisms; in addition, the multi-
tude of interactions, including competition and symbiosis, among the microbial members
impact the successful colonization of this zone [5]. Important drivers of rhizospheric microbial
composition and diversity include edaphic factors, such as soil type, pH, and nutrient status,
as well as climatic variables, such as temperature, light intensity, and precipitation (moisture
content) [6,7]. Additionally, anthropogenic activities have resulted in major shifts in the plant
microbiome, resulting in altered diversity and resilience [8]. These changes can ultimately result
in disease outbreaks and adversely affect the overall functioning of ecosystems [9]. In fact,
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modern agriculture has been tagged as a prime cause for the deteriorating diversity of soil micro-
bial communities [10,11]. Notably, the relevance of these effectors varies spatiotemporally [12].

Domestication and ploidy impact the composition and diversity of rhizosphere
microbiomes

Domestication and polyploidization are two processes that have strongly affected plants,
including their genetic diversity and cellular, biochemical, and physiological functions, from the
level of the genome to the ecosystem. Changes in ploidy have occurred frequently throughout
the millions of years of the evolutionary history of the plant kingdom [13]. By contrast, domestica-
tion is thought to have started only about 10 000-12 000 years ago [14]. Humans played a sig-
nificant role in the domestication process from its initial steps to the present, as they sought to
adapt crops to variable environments, and evolving human needs over time [15,16]. Although
both diploid and polyploid crops are successful, polyploidy is generally thought to provide signif-
icant evolutionary advantages and it is not surprising that polyploidization has also played a
significant role in domestication.

In a study of the interaction between an allotetraploid relative of soybean (Glycine dolichocarpa)
and novel rhizobial symbionts (including NGR234), Powell and Doyle [17] concluded that the
allotetraploid had an increased capacity for rhizobial interactions compared with its diploid ances-
tors, Glycine tomentella and Glycine syndetika, Furthermore, Powell and Doyle [18] observed that
the allotetraploid had reduced stress-correlated transcription and enhanced transcription of
hormonal signaling genes, which are important in nodulation. Rhizosphere microbiota of rape-
seed (Brassica napus, AC genome) had a higher diversity than those of its two diploid progenitors
(Brassica rapa, A genome; Brassica oleracea, C genome). This suggests that synthetic rapeseed
allopolyploids could be a potential source of additional genetic diversity for the improvement of
domesticated allopolyploids because of additional microbiota [19]. The increased diversity
observed in polyploids may explain their broader adaptability compared with their diploid
relatives. By contrast, Wipf and Coleman-Derr [20] observed only minor differences in the corre-
sponding microbiomes between wild and domesticated wheat types across three ploidy levels.

Studies on the effect of domestication on the rhizosphere microbiome have three specific
emphases, which align with well-known domestication triangle concept, which includes plants,
biotic and abiotic environments, and human agency [15,21]:

(i) Differences between gene pools (wild ancestors, landraces, and modern cultivars): diploid to
tetraploid to hexaploid wheat [22-24], barley [25], rice [26], common bean [27], soybean
[28,29], and Lima bean [30].

(i) Contrasting soil environments: sandy versus loamy soil in tetraploid wheat [23], nitrogen
fertilization in Trifolium spp. [31], native inoculants in cowpea [32,33], and soil nutrient avail-
ability in potato [34].

(iii) Varying management by humans: native versus agricultural soil [35] and organic versus
conventional cropping [36] in common bean, forest versus agricultural soil in soybean [28], and
agricultural (maize) versus prairie (Andropogon gerardii), and wild (teosinte) soils in maize [37].

Overall, identifying generalizable evidence that explains changes in the rhizosphere microbiome
attributable to domestication is difficult because there is considerable variation in the
microbiome's composition. Other factors include the species, genotype within species, develop-
mental stage (vegetative vs. reproductive), plant compartment (e.g., rhizosphere and root), root
exudates, soil type and microbial population, and crop management. Some form of experimen-
tal standardization in the experimental conditions is valuable to make results directly comparable.
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Mining heritable variability for rhizosphere microbiome across germplasm and
environments

In both agricultural and natural environments, the symbiotic association between organisms of
different kingdoms is well known. Aimost all animals (including insects) have gut microbiomes
that allow the host to metabolize and absorb a wide range of foods. Lichens necessarily involve
symbiosis between a specific photosynthetic algae or cyanobacteria producing carbohydrates
and a fungus [38]. For other plants, the rhizosphere, with interactions between plants and soil
microorganisms influence nutrient uptake, abiotic and biotic stress resistance, and overall plant
growth. There is increasing interest in understanding the nature and genetic basis of plant—
microbiome associations, particularly the heritable variability within germplasms that can be
harnessed to develop crops with optimized microbial communities for enhanced resilience and
yield.

The roots of almost all higher plants can have a close, symbiotic, relationship with arbuscular
mycorrhizal fungi (AMF). Carbohydrates are supplied to the fungi from photosynthesis, while
the fungi enhance the uptake of water and nutrients (in particular phosphates). AMF are obligate
symbionts, but most host plants can live without the fungi. Marram grass (Ammophila spp.)
typically growing on coastal sand dunes, with low nutrients, salt, waterlogging, or desiccation,
are a good example where establishment is very poor in sterilized sand but mutualism between
the plant and fungi allow establishment and contributes to ecological succession of species in
this demanding ecosystem [39]. Rhizobia could be exploited to enhance agricultural production
through yield increase in existing fields, although some areas (such as dunes) may be sites of
biodiversity, environmental sensitivity, or provide ecosystem services such as flood protection,
SO may not be appropriate for food production.

In legumes, nodulation of the roots is well known as a major symbiosis, with the plant gaining fixed
nitrogen while the fungi gain fixed carbon to grow. As early as 206 BC-8 AD, Fan Shengzhi Shu
recognized the value of crop rotation (http://en.chinaculture.org/library/2008-02/08/content
22469.htm) where the inclusion of legumes gave substantial advantages to subsequent non-
nitrogen fixing crops. Today, legumes require little nitrogen fertilizer and following crops benefit
from the residual nitrogen. Many trials have been carried out involving mixtures of legumes and,
particularly, grasses including both cereals and forages, while a number of commercial inoculants
of legume nodulation bacteria (rhizobia) have been marketed as cultures or seed treatments. Over
decades, successful outcomes have been reported for yield and production cost, but none has
been adopted widely.

With the genomics revolution and opportunity to identify the genetic nature and variability of
rhizosphere microbiomes, there are huge opportunities to identify plant genetic factors, fungal
species and genotypes, and their interactions. Metagenomics of soils provides a comprehen-
sive view of microbial diversity, and transcriptomics can show how host genes influence microbial
recruitment and function. Can genome-wide association studies (GWAS) link genetic loci in
crop genotypes and specific microbial traits in the rhizosphere to crop performance?

Field-scale experiments are needed to examine interactions of crop genotype, various soil
microbiomes, and environmental variability. By conducting experiments across multiple environ-
ments, researchers can identify genotype-by-environment (GxE) interactions, with potential to
identify appropriate crop genotype and microbial genotype pairs or groups with enhanced perfor-
mance. It is clear that plant traits such as root architecture, exudation profiles, and immune
responses, are genotype-specific characters that influence rhizosphere assemblages through
microbial recruitment and community structure. Breeding programs might target specific traits
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Glossary

Anthropogenic: environmental change
caused or influenced by people, either
directly or indirectly.

Chemostatic: microbes maintain a
balanced response to the plant’s
signals, possibly adjusting their growth,
nutrient consumption, or metabolic
activity according to the signalization
received from the plant.

Cry for help theory: plants under
stress shift their exudation patterns to
release specific chemicals that attract
beneficial microbes capable of
overcoming stress.

Domestication: a coevolutionary
process that arises from a specialized
mutualism, in which one species

(e.g., humans) controls the fitness of
another (e.g., plants) to gain resources
and/or services.

Genome-wide association studies
(GWAS): a research approach to
Identify genomic variants significantly
associated with trait expression

based on existing, diverse populations
with limited linkage disequilibrium
compared with bi- or multi-parental
populations.

Genomic selection (GS): marker-
assisted selection using all SNPs
covering the whole genome, facilitating
rapid selection of superior genotypes
and accelerating the breeding cycle.
Glucosinolates: S- and N-containing
compounds derived from glucose and
various amino acids possessing a range
of bioactivities in Brassica plant family.
Heterosis: superior performance of F4
hybrid over its parental lines.
Holobiont: colonization of the
rhizosphere environment of the host
plant with bacteria, fungi, and viruses for
mutualistic symbiosis.

Immunity: innate or induced capacity
of plants to eliminate pathogens.
Inbreeding depression: inferior
performance of an offspring as result of
continuous breeding between closely
related individuals of a species.
Landraces: locally adapted traditional
varieties of domesticated plants
developed over time through natural
selection.

Metagenomics: a suite of genomic
technologies and bioinformatics tools to
directly access the genetic content of
entire communities of organisms.
Operational taxonomic unit (OTU): a
group of organisms that are closely
related and are grouped together based
on the similarity of their DNA sequences.
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that favor interactions with beneficial microbiomes. Thus, mining heritable variability for rhizo-
sphere microbiomes across germplasms and environments holds promise for improved agricul-
ture, integrating microbiome research with plant breeding [40].

Key genes regulating rhizosphere microbiomes and host-associated genetic
variation

Plant roots interact with various microbes in the rhizosphere [41] and many of these interactions
affect plant growth and fitness [42,43]. The outcome of plant root—-microbiome interactions is
determined by multiple factors, including host genetics, climatic and edaphic factors, and rhizo-
sphere properties [44-47]. In recent years, studies have shown that host genetics, which regu-
lates root architecture, exudates, immune response, and nutrient uptake, influences the
composition and structure of the rhizospheric microbiome [48,49]. For example, genes associ-
ated with root and root hair development in different plant species potentially shape the compo-
sition and activity of the microbial community by changing root exudate profiles. In Arabidopsis,
AXR2 and RHD6 are key genes in root hair formation, increasing root surface area and altering
root-mediated exudates that potentially structure the rhizosphere microbial community [50,51].
In addition, genes RTH6, LRT1, RUM1, and RTCs related to root development in maize also
shift the structural composition of root-associated microbes [49,52].

Genes that regulate the uptake and transport of nutrients, such as ammonium or nitrates, NRT1.1
[63], and PHTT1 [54], also potentially alter root-associated microbiota by selectively recruiting
nitrogen-fixing and phosphorus-solubilizing bacteria. Plant genes such as FNS and C2 that
regulate the biosynthesis of secondary metabolites (e.g., flavonoids in maize) [55] and ABC trans-
porter genes [56,57], which transport endogenous secondary metabolites, significantly reshape
the structure of microbial communities.

The composition of the rhizosphere microbiome is also influenced by plant defense-related
genes. Examples are the flagellin sensing gene2 (FLS2) [58,59] and NLR [60,61], which act as
decoys to recognize microbially derived molecules, substantially altering rhizosphere microbial
diversity by modulating the plant immune response, which may affect the availability of nutrients
and metabolites. Another example is the protein NPR1 governing defense response genes related
to salicylic acid-mediated systemic acquired resistance (SAR) that alters the structure of the
rhizospheric microbial community. Moreover, the compositional structure of these microbiomes
is influenced by many plant transcription factors (TFs), such as MYB72 [62], WAK2 [63], and
WRKY [64], which regulate the host immune system in response to pathogens or abiotic stress.

Host-associated variations of plant genes play an important role in reshaping plant roots and
associated microbes. In recent years, an increasing number of GWAS have identified loci and
quantitative trait loci (QTL) associated with variation in microbial abundance and diversity in
Arabidopsis [65], barley [60], foxtail millet [48], and sorghum [66]. For example, barley sibling
lines with allelic variations on the QRMC-3HS chromosome recruit different microbial taxa [60].
Variation in the relative abundance of heritable taxa also represents, in part, a dimension of
host-associated genetic variation [67].

Integrated breeding approaches involving host (plant) and rhizosphere microbiome
genes to enhance food/nutritional security and environmental sustainability in
global south

Beneficial plant and microbiome traits lost through domestication and genetic improvement
The genetic bottleneck of crop domestication is widely accepted: individual plants gain mutations
for critical domestication characters (e.g., non-dehiscence of harvested seeds; gigantism of
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Polyploidization: a condition where an
organism has more than two complete
sets of chromosomes.

Recombinant inbred line (RILs): a
powerful tool for genetic mapping
originated from biparental or complex
crosses by single seed descent method.
Rhizosphere: the narrow region of sail
surrounding plant roots where complex
interactions between the plant, soil, and
microorganisms occur.

Rhizosphere microbiome:
community of microorganisms
surrounding plant roots.

Root architecture: spatial
configuration of a root system in the sail,
including root distribution with depth,
root topology, and root morphology.
Root exudate: a complex mixture of
organic compounds, including amino
acids, organic acids, and simple sugars
released by plant roots into the soil.
Symbiosis: a close and prolonged
mutualistic association between two or
more different biological species.
SynCom: a cutting-edge technology
involving co-culturing multiple taxa under
well-defined conditions to mimic the
structure and function of a microbiome.
Terroir: a set of growing conditions,
including cultivation practices and
environmental conditions, associated
with a certain geographic location and its
influence on the product’s chemistry.
Transcription factor (TF): a protein
that regulates the transcription of genes,
or the process of copying DNA into
RNA.

Volatile organic compounds (VOCs):
small, gaseous molecules produced and
released by microorganisms, such as
bacteria and fungji, allowing microbes to
interact with their environment, including
plants.
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harvested part or change in harvest index; uniform germination, etc.), which then come together,
often via hybridization involving only a small part of the genetic diversity that is represented in
the whole species. Genomic analysis of the domesticate will often identify a domestication signa-
ture, a 'selective sweep' with reduced genetic variation around the chromosomal loci of the
domestication genes [16,68]. This selection, whether ancient or modern, by farmers, breeders,
or researchers, almost never considers the soil microbiome and will often be carried out at a single
plot or sail type. Later, when a selection is grown in multiple locations [69], it will have various
soil microbiomes without the benefit of systematic analysis of the performance with known
microbiomes.

Unlocking the crosstalk between plants and microorganisms in the rhizosphere

The plant—-microbial interactions in the rhizosphere are primarily driven by molecular signaling
allowing the recruitment of specific microbiome [70]. This microbial recruitment is controlled by
root exudation, releasing multiple classes of compounds and signaling molecules [71], involving
a biochemical crosstalk between plants and microorganisms [72,73]. Roots release sugars and
organic compounds that promote microbial enrichment in the rhizosphere [74]. Previous studies
have identified distinct root exudates involved in plant-microbe crosstalk, such as flavonoids [75],
alanine [76], chitinase [77], citric acid [78], and succinic acid [79]. Another important mechanism is
the release of volatile organic compounds (VOCs) acting as signals in plant-microbe interac-
tions [80]. Interestingly, plants recruit their rhizosphere microbiome to help them in supporting
against biotic and abiotic stressors. When under biotic and abiotic danger, the plants start the
recruitment of a specific microbiome to protect them [7]. There is a phenomenon known as the
‘cry for help’ theory [81] where plants signal a selective recruitment of protective microbes
[82]. For example, roots release specific compounds such as coumarins and oxylipins to recruit
microbiomes that act against pathogens in the rhizosphere [62,83].

Although the different root exudate mechanisms involving the crosstalk between plants (varieties,
landraces, or in the wild) and microorganisms have been studied, there are several gaps, such as
the variation and composition across domesticated, and improved genotypes, different stages of
plant development, and different plant compartments or organs. These features are important for
designing strategies to utilize plant signaling for recruiting specific microbiomes. Additionally, the
microbiome recruited by the rhizosphere can be vertically transmitted [84]. Indeed, previous stud-
ies have found that vertical transmission from the rhizosphere to seeds and progeny varies from
5% to 70% [85,86]. Therefore, understanding the potential of microbial vertical transmission
associated with specific roles of molecular signaling in recruiting beneficial microbial communities
in the rhizosphere can be useful for plant breeding [87].

Breeding environments influencing rhizosphere microbiomes

Millions of years of coevolution shaped plant-microbe associations, which could have been lost
due to domestication and genetic improvement. Assessment of root-associated microbiomes
at the seedling stage in wheat revealed that microbial taxa were highest in landraces adapted
in low-input systems, while these were lowest in ancestors evolved in native soils. The microbial
communities of modern wheat were different from those of landraces and wild ancestors. Tradi-
tional cultivars were enriched with Acidobacteria and Actinobacteria, while modern wheat with
Candlidatus Saccharibacteria, Verrucomicrobia, and Firmicutes. Fusarium, Neoascochyta, and
Microdochium, among fungi, were enriched in modern cultivars, thereby suggesting that genetic
improvement has significantly impacted root microbiota, both bacteria and fungi [88].

Organic and inorganic production systems also influence rhizosphere microbiome composition
and diversity, which in turn affects plant response to growth and reproduction, stresses, and

¢? CellPress

Trends in Plant Science, Month 2025, Vol. xx, No. xx =~ 5




¢? CellPress Trends in Plant Science

nutritional quality of edible products. A comparative assessment of snap bean (Phaseolus
vulgaris) recombinant inbred lines (RILs) evaluated under an organic production system
showed that breeding environment (organic vs. conventional production system) of crops signif-
icantly altered the microbiome community composition, while the fungal communities varied
between breeding histories and parentage [36].

Soil microbiomes influencing flavor chemistry of fruits and seeds

Cultivation practices and environmental conditions within a geographic location, often termed as
terroir, may affect the chemistry of plants’ edible produce, necessitating the need to optimize
farm conditions to harvest maximum quality. Analysis of ripe tomato fruits harvested from plants
grown in soil and hydroponic environments revealed that fruits harvested from soil had signifi-
cantly higher sugar content. Hydroponically harvested fruits were superior in organic acids. The
cultivation practices significantly shaped the bacterial community composition, with bacterial
communities in hydroponic tomatoes more variable than soil-grown tomatoes. The bacterial spe-
cies in soil-grown tomatoes correlated with higher concentrations of ‘green’ or ‘pungent’ volatiles.
The greatest sweetness of ‘Solarino’ tomatoes correlated with aroma-related volatiles, fructose,
and glucose, indicating that microbiota-related accumulation of flavor and aroma compounds are
strongly dependent on the cultivation substrate and approach [89].

The differences in rhizosphere microbiomes may impact seed glucosinolates in Brassica
species. A greenhouse study involving mustard plants (Brassica juncea) and distinct soil microbial
communities established the links between the rhizosphere microbial community composition
and the concentration of the main glucosinolate, allyl, in seeds. Specific rhizosphere taxa predic-
tive of seed allyl concentration were detected. The bacterial functional genes associated with
sulfur metabolism partly explained the observed associations between specific rhizosphere and
seed allyl concentrations [90].

A consortium of microbes (Box 1) isolated from tea roots enhanced ammonia uptake to facilitate
the synthesis of theanine, a key determinant of tea taste. A comparative assessment of root
microbiomes involving high- and low-theanine tea accessions unfolded a specific group of
microbes that modulated No-metabolism to influence theanine levels in tea. The application of
synthetic communities (SynComs) mirroring the microbe population composition found in high
theanine roots resulted in a significant increase in the theanine content of tea plants [91].

Root microbiome-based inbreeding depression and heterosis, genomic selection, and tradeoffs
The host plant significantly influences its associated microbial community composition [60], which
has been molded by both plant domestication and crop diversification. Similarly, soil microbiomes
play a crucial role in shaping the characteristics of their host plants. Inbreeding depression can
diminish individual fithess and understanding its impact on population growth and viability can be
facilitated through the availability of genomic data [92]. Incorporating this information into a
theory-based hierarchical framework could potentially predict emergent behaviors that stem
from interactions between individual traits [93]. In this context, Yang et al. [94] employed a
microbiome-informed genomic selection (GS) strategy for selecting nitrogen (N)-related traits
in maize. Their findings indicate that this method outperforms traditional GEBV modeling that
relies solely on crop data for assessing plant growth and N response traits, especially under
low N. This suggests that beneficial microbes may enhance N nutrient uptake under stress.

Liu et al. [95] recently highlighted the phenomenon of microbiome-induced heterosis by observ-
ing distinct and varied seed microbiomes in rice hybrids, which led to superior seed germination

compared with their parents. Wagner et al. [96] showed that heterosis for root biomass (among
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Box 1. Conservation and cataloguing strategies for maintaining a live collection of beneficial rhizosphere
microbiomes and the challenges involved

In addition to their crucial role in improving plant growth and overall health [115,116], these rhizospheric microbes also
harbor novel metabolites and genes that have potential applications in the biotech industry and the environment
[117,118]. However, the degradation of the agroecosystem due to various factors has led to a loss of microbial diversity
in the rhizosphere and limited their utilization in agriculture and industry to meet human needs [119]. Hence, conservation
and cataloguing of these microbes with their functional traits plays a crucial role in sustainable agriculture, promoting
research and fostering innovation in the biotech industry [120,121].

Microbial culture collections and repositories were begun in Prague at the end of the 19th century [122] and, a few years
later, the concept of culture collection was extended to other European countries. Currently, 789 culture collections from
77 countries are registered with the World Federation of Culture Collections (WFCC, https://www.wfcc.info/) to protect the
microbial diversity with an important role in agriculture, public health, and food supply [123,124]. In addition, there are
international centers, including ICARDA (https://genebanks.cgiar.org/genebanks/icarda/) and ICRISAT (https://oar.
icrisat.org/987), which deal with the culture collection and conservation of rhizobium strains isolated mainly from legume.
Over the years, various ex situ preservation methods, including repeated sub-cultivation, agar beads [125], storage in
sterile soil, spray-drying, storage in silica gel, cryopreservation, and lyophilization [126] have been developed to preserve
microbial collections. However, each strategy has its own advantages and challenges, as the response to preservations
varies between and within species [127]. In situ preservation is used to preserve entire microbial communities together with
their habitat. Although this strategy effectively preserves the integrity of the microbial ecosystem, its applications are limited
by capacity constraints [119,128].

Advanced genomic, metagenomics, and bioinformatic techniques are essential for the characterization and cataloguing of
microbial strains for future use. However, the high costs associated with these techniques and the lack of a standardized
cataloguing protocol hinder microbial cataloguing efforts and make it difficult to document microbial diversity across differ-
ent repositories [129-131]. In addition, biosafety concerns and the ethical dilemma associated with patenting microbial
resources limit the efficiency of microbial cataloguing activities [132,133]. Therefore, improved culture collections and
cataloguing strategies are critical to fully exploit the potential applications of these rhizospheric microbiomes in sustainable
agriculture.

other traits) in maize is contingent upon the surrounding underground microbial environment.
Despite ongoing inquiries into the mechanisms behind this heterosis within the endophytic
microbiome and the reasons for the hybrid microbiota's advantageous traits, evidence suggests
that hybridization itself affects both the rhizosphere and seed endophytic microbiome composi-
tions. Furthermore, the resulting microbiome following hybridization appears to be transmissible
from the initial stage to subsequent generations [97].

Immunity may have an adverse impact on plant growth and development as well on rhizosphere
microbiomes. Autoimmunity in Arabidopsis phytosulfokine receptor1 (pskr1) mutant displays
stunted plant growth, reduced defense-related gene expression, and reduced rhizosphere
bacterial growth in response to growth-promoting Pseudomonas fluorescens [98]. PSKR1
regulates the growth-defense tradeoff during Pseudomonas colonization by upregulating plant
photosynthesis and root growth, but suppressing salicylic-acid-mediated defenses. pskri1
stunting and restoration of bacterial growth are salicylic acid dependent. Thus, Pseudomonas
induces PSKR1 expression in roots mediating tradeoff by manipulating plant signaling to promote
Pseudomonas colonization.

Resistance breeding to soil-borne diseases impacts rhizosphere microbiome community

Soil-borne diseases caused by various pathogens, mainly fungi, viruses, and nematodes, pose a
significant challenge to agriculture. These pathogens use plants as hosts for their development
and the soil as a suitable environment for both their spread and long-term survival [99]. To protect
plants against these pathogens, breeders employ strategies to confer resistance in plants. These
strategies generally involve crossing susceptible and resistant genotypes to obtain resistant
sources [100] and identifying key genes involved in resistance mechanisms [101]. Both strategies
lead to changes in the genetic makeup of plants, which can have consequences for the
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rhizosphere microbiome. Additionally, plant breeders often overlook the importance of root traits
and the rhizosphere microbiome in breeding programs. However, some studies have observed
modifications in root traits during plant breeding [102,103], particularly in relation to the quality
and quantity of exudates, which affect the recruitment of microbial taxa in the rhizosphere
[36,104]. This is important because previous studies have shown the crucial role of the rhizo-
sphere microbiome as the first line of defense for plants against pathogen invasion [105-107].
For instance, Mendes et al. [105] assessed the effect of breeding common bean for resistance
against Fusarium oxysporum. They observed that resistance breeding altered the rhizosphere
microbiome and recruited specific beneficial bacterial genera that exhibit antifungal traits against
F. oxysporum. Later, Lazcano et al. [107] observed differences in the rhizosphere microbiome
when comparing strawberry genotypes susceptible and resistant to Verticillium dahliae and
Macrophomina phaseolina. The authors found higher abundances of known biocontrol micro-
organisms, such as Burkholderia and Pseudomonas, in the rhizosphere of the resistant geno-
type. Thus, available studies report significant changes in root traits during plant breeding
for resistance, which stimulate plants to recruit specific microbial groups within the rhizosphere.
These beneficial and specific microbes play crucial roles in helping plants defend against
pathogens.

Developing a genotype—phenotype map involving host and symbiotic extended phenotype

The intricate relationships between plant hosts and their associated microbes are well-
documented, yet the mechanisms through which plants influence these relationships remain
largely unknown [108]. Plant genotypes significantly impact the structure of soil microbial commu-
nities, consequently affecting soil carbon stock compositions [109]. Hence, the soil microbiome,
encompassing the collective genomes of all microorganisms present, can be considered the
‘extended phenotype’ of a specific plant host, potentially varying under selective pressures. This
concept, termed the ‘extended phenotype’, was introduced by evolutionary biologist Dawkins
[110] to describe all environmental impacts exerted by a gene, both within and beyond the
organism’s body. Changes in chromosomal regions (including structural variations) during cultivar
development could influence this extended microbiome phenotype.

A GWAS utilizing metagenomic data to define and quantify operational taxonomic units
(OTUs) offers a robust, unbiased method for identifying microbes sensitive to host genotype
and linking them to genetic loci influencing their colonization [111]. For instance, research by
Bergelson et al. [112] identified potential genes involved in plant immunity that affect microbiome
traits in Arabidopsis. They also suggested that root microbiomes might rely on genes governing
root and root hair development. Similarly, GWAS has been instrumental in uncovering plant loci
responsible for the heritability of the leaf microbiome in maize [113] and rice [114], as well as
the rhizosphere microbiome in sorghum [66]. Further bioinformatic analysis of metagenomic
data aids in comprehending the variations in OTU richness associated with each genotype.

Concluding remarks

Recent studies in plant breeding have shown that both plant genotype and the associated
microbiome are important to obtain superior crop cultivars. Indeed, an understanding of the
concept of plant holobiont, which includes rhizosphere microbiomes, confirms that microbes
contribute to plant growth and development, improve plant health, reduce environmental
impacts, and enhance nutritional quality of food crops. Rhizosphere microbiomes provide stable
environments with buffered fluctuations (i.e., functional traits involved in abiotic stress adaptation),
and microbiome-induced variations are heritable across germplasms and environments. Hence,
it is essential to exploit both host (plant) and microbiome genetics to achieve resource-use
efficient, and productive and nutritious crops, through plant breeding (Figure 1).
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Outstanding questions

What approach should one follow to
integrate knowledge gained from host
(plant) and rhizosphere microbiome
genetics to harness mutualistic
symbioses in plant breeding?

Can genomics be applied, potentially
with GWAS-type analysis of crop and
rhizosphere, to identify favorable crop—
microbiome interactions?

What crop- and environment-specific
synthetic communities (SynComs) are
ideal to identify and harness mutualistic
symbiosis to make food crops resilient
to stress, maintain/increase productiv-
ity, and improve nutritional quality?

What are the optimum conditions to
maintain live collections of rhizosphere
microbiomes in genebanks and could
long-term conservation bring changes
in their genetic makeup?

What genomic studies of biodiversity in
the rhizosphere of diverse crops, and
natural species or communities from
various environments, are required?

Is there sufficient knowledge to quantify
the effects of sail, environment, and
crop management practices on the
rhizosphere microbiome to develop an
accurate and predictable model to
regulate the rhizosphere microbiome
mechanisms, enhancing agricultural
production in harsh environments?

What host (plant) traits favor
mutualistic interaction with beneficial
rhizosphere microbiomes?

What is the potential of microbiome
vertical transmission in recruiting
beneficial microbial communities in
the rhizosphere?

What procedural assay (throughput
screen for large-scale evaluation of
breeding populations) and statistical
protocol follow to initiate rhizosphere
microbiome-assisted plant breeding,
considering genotype x environment
interactions?

Are genomic selection and gene
editing options to retrieve missing
functional rhizosphere microbiomes in
crop domesticates, or should these
be integrated into new crops as a part
of de novo domestication?
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Future studies should focus on mapping rhizospheres from contrasting terroirs to identify charac-
teristic microbial signatures for developing biomarkers that uniquely define and characterize
crop production habitats. Additionally, it is important to develop and catalogue rhizosphere
microbiota-derived consortia for in situ conservation tailored to specific crops and environments.
A quantitative assessment should be conducted to identify microorganisms from contrasting ge-
notypes and environments to develop crop- and environment-specific SynComs. A two-pronged
strategy should be adopted for the precise management and exploitation of environment- and
plant genetic-dominated rhizosphere microbiomes. We should also adapt a paradigm shift for
more holistic microbiome research to harness heritable variations associated with host (plant)
and rhizosphere microbiome genetics. We should develop a network of microbe conservation
genebank for futuristic plant breeding strategies. It will also be important to promote collaboration
among molecular biologists/plant breeders, industry researchers, farmers, and traders involved in
the conservation, development, and marketing of rhizosphere microbiome-based products.
Strengthening government policy support for researchers will help unlock plant-microbe

« Promotes plant growth,
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Where new approaches to exploit
enhanced rhizospheres (composition
and management) are effective, how
will these be adopted by both small-
holder and commercial farmers?

What agronomic approaches
(e.g., inoculations) can further comple-
ment and enhance plant-rhizosphere
interactions?
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Figure 1. Schematic representation of the rhizosphere microbiome's role in promoting plant growth and enhancing tolerance to various stress factors.
Factors such as host genetics, edaphic conditions, plant developmental stages, and domestication processes influence the composition and diversity of these
microorganisms in the rhizosphere. Microbial contributions to plants, including nutrient acquisition (e.g., nitrogen fixation and phosphorus solubilization) and induction
of systemic resistance are indicated by black arrows (1). By contrast, pathogen inhibition, salt reduction (Na+), and bioremediation of heavy metals (e.g., Cd and Pb)
are shown with red blunt lines (-). This figure highlights the interplay between plant genetics and rhizosphere microbial communities (which may be chemostatic, top
right) in influencing nutrient cycling, stress resilience, and pathogen suppression. Abbreviation: ISR, induced systemic resistance. Figure created using Biorender.com.
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interactions and encourage farmers to adopt eco-friendly agricultural practices to restore soil and
plant health, plant nutrition, and ecosystem health. Finally, improving rhizosphere-crop associa-
tions with research-based approaches will play an important role in both mitigation (increasing
the sustainability of farming and reduction of greenhouse gas emissions) and adaptation (to
altered conditions) of agriculture under a changing climate (see Outstanding questions).

Author contributions

S.L.D.: conceptualization, investigation, writing — original draft, and writing — review and editing + editing graphical abstract;
R.R.V. and B.G.K.: investigation, writing — original draft, and writing — review and editing + drawing a graphical abstract;
P.G.: investigation, writing — original draft, and writing — review and editing + editing graphical abstract; P.H-H.: investigation,
writing — original draft, and writing — review and editing; A.S.F.A.: investigation, writing — original draft, and writing — review
and editing + editing graphical abstract; S.S.: investigation, writing — original draft, and writing — review and editing + editing
graphical abstract; R.O.: conceptualization, project administration, investigation, writing — original draft, and writing — review
and editing. All authors contributed to the article and approved the manuscript for submission.

Acknowledgments

A.S.F.A. acknowledges the Conselho Nacional de Desenvolvimento Cientifico e Tecnoldgico (CNPq) for his research fellow-
ship (grant no. 301755/2022-1). S.S. acknowledges the support received from Department of Biotechnology, Government
of India (BT/PR51280/BCE/8/1823/2023), TATA Transformation Prize for Food Security (2023), and the Batch of 1980 Chair
Professor position. P.G. acknowledges the support of the USDA-NIFA-SCRI grant no. 2022-51181-38323. R.O. and R.R.V.
acknowledge support from the Nordic Public-Private Partnership (PPP) for the Pre-breeding for SustainPotato Il project. R.R.V.
acknowledges support from FORMAS (grant no. 2019-01316), the Swedish Research Council (grant no. 2019-04270),
the Novo Nordisk Foundation (grant no. 0074727), the SLU Centre for Biological Control, and Partnerskap Alnarp. P.H-H.
was supported by UK Research and Innovation (UKRI) (grant EP/Y00597/X1 — project RP133W471907), the Chinese Academy
of Sciences (CAS) President's International Fellowship Initiative (2024PVA0028), and the Overseas Distinguished Scholar
Project of South China Botanical Garden, CAS (Y861041001).

Declaration of interests
No interests are declared.

References
1. Vorholt, J.A. (2012) Microbial life in the phyllosphere. Nat. Rev. structure and activity with special attention to spatial and
Microbiol. 10, 828-840 temporal scales. mLife 3, 21-41
2. Ling, N. et al. (2022) Rhizosphere bacteriome structure and 13. Heslop-Harrison, J.S. et al. (2022) Polyploidy: its consequences
functions. Nat. Commun. 13, 836 and enabling role in plant diversification and evolution. Ann. Bot.
3. Zhou, Y. et al. (2022) Microbial communities along the soil-root 131, 1-10
continuum are determined by root anatomical boundaries, soil 14. Larson, G. et al. (2014) Current perspectives and the future of
properties, and root exudation. Soil Biol. Biochem. 171, 108721 domestication studies. Proc. Natl. Acad. Sci. U. S. A. 111,
4. Bamba, M. et al. (2024) Synergistic effects of plant genotype 6139-6146
and soil microbiome on growth in Lotus japonicus. FEMS 15. Hufford, M.B. et al. (2019) Crop biodiversity: an
Microbiol. Ecol. 100, fiae056 unfinished magnum opus of nature. Annu. Rev. Plant Biol. 70,
5. Chepsergon, J. and Moleleki, L.N. (2023) Rhizosphere bacterial 727-751
interactions and impact on plant health. Curr. Opin. Microbiol. 16. Gepts, P. (2014) The contribution of genetic and genomic
73, 102297 approaches to plant domestication studies. Curr. Opin. Plant
6. Durén, P. et al. (2022) Climate drives rhizosphere microbiome Biol. 18, 51-59
variation and divergent selection between geographically 17. Powell, A.F. and Doyle, J.J. (2016) Enhanced rhizobial symbiotic
distant Arabidopsis populations. New Phytol. 236, 608-621 capacity in an allopolyploid species of Glycine (Leguminosae).
7. Santoyo, G. (2022) How plants recruit their microbiome? New Am. J. Bot. 103, 1771-1782
insights into beneficial interactions. J. Adv. Res. 40, 45-58 18. Powell, A.F. and Doyle, J.J. (2017) Non-additive transcriptomic
8. Berg, G. and Cernava, T. (2022) The plant microbiota signature responses to inoculation with rhizobia in a young allopolyploid
of the Anthropocene as a challenge for microbiome research. compared with its diploid progenitors. Genes 8, 357
Microbiome 10, 54 19. Zhang, Z. et al. (2023) Rapeseed domestication affects the
9. Berg, G. et al. (2023) Missing symbionts —emerging pathogens? diversity of rhizosphere microbiota. Microorganisms 11,
Microbiome management for sustainable agriculture. Symbiosis 724
89, 163-171 20. Wipf, H.M.L. and Coleman-Derr, D. (2021) Evaluating domesti-
10. Tsiafouli, M.A. et al. (2015) Intensive agriculture reduces soil cation and ploidy effects on the assembly of the wheat bacterial
biodiversity across Europe. Glob. Change Biol. 21, 973-985 microbiome. PLoS One 16, 0248030
11. Barros-Rodriguez, A. et al. (2021) Impacts of agriculture on the 21. Gepts, P. (2023) Biocultural diversity and crop improvement.
environment and soil microbial biodiversity. Plants (Basel) 10, Emerg. Top. Life Sci. 7, 151-196
2325 22. Kapulnik, Y. and Kushnir, U. (1991) Growth dependency of
12. Gupta, V.V.S.R. and Tiedje, J.M. (2024) Ranking environmental wild, primitive and modern cultivated wheat lines on vesicular-
and edaphic attributes driving soil microbial community arbuscular mycorrhiza fungi. Euphytica 56, 27-36

10  Trends in Plant Science, Month 2025, Vol. xx, No. xx


http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0005
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0005
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0010
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0010
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0015
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0015
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0015
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0020
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0020
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0020
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0025
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0025
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0025
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0030
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0030
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0030
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0035
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0035
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0040
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0040
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0040
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0045
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0045
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0045
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0050
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0050
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0055
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0055
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0055
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0060
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0060
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0060
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0060
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0065
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0065
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0065
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0070
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0070
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0070
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0075
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0075
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0075
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0080
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0080
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0080
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0085
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0085
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0085
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0090
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0090
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0090
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0095
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0095
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0095
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0100
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0100
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0100
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0105
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0105
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0110
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0110
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0110

Trends in Plant Science

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

lannucci, A. et al. (2017) Evolution of the crop rhizosphere:
impact of domestication on root exudates in tetraploid wheat
(Triticum turgidum L.). Front. Plant Sci. 8, 2124

Yue, H. et al. (2023) Plant domestication shapes rhizosphere
microbiome assembly and metabolic functions. Microbiome 11, 70
Abdullaeva, Y. et al. (2021) Domestication affects the composi-
tion, diversity, and co-occurrence of the cereal seed microbiota.
J. Adv. Res. 31, 75-86

Shenton, M. et al. (2016) Effect of wild and cultivated rice
genotypes on rhizosphere bacterial community composition.
Rice 9, 42

Pérez-Jaramillo, J.E. et al. (2017) Linking rhizosphere
microbiome composition of wild and domesticated Phaseolus
vulgaris to genotypic and root phenotypic traits. ISME J. 11,
2244-2257

Liu, F. et al. (2019) Soil indigenous microbiome and plant geno-
types cooperatively modify soybean rhizosphere microbiome
assembly. BMC Microbiol. 19, 201

Shi, S. et al. (2019) Comparative analysis of the
rhizomicrobiome of the wild versus cultivated crop: insights
from rice and soybean. Arch. Microbiol. 201, 879-888

da Silva, J.L. et al. (2023) Domestication of lima bean
(Phaseolus lunatus) changes the microbial communities in the
rhizosphere. Microb. Ecol. 85, 1423-1433

Weese, D.J. et al. (2015) Long-term nitrogen addition causes the
evolution of less-cooperative mutualists. Evolution 69, 631-642
Manci, M. et al. (2023) Live soil inocula, not host population
or domestication status, is the predominant driver of growth
benefits to cowpea. Plant Soil 482, 585-600

Leite, J. et al. (2017) Cowpea nodules harbor non-rhizobial
bacterial communities that are shaped by soil type rather than
plant genotype. Front. Plant Sci. 7, 2064

Miao, M. and Lankau, R. (2023) Plant host domestication and
soil nutrient availability determine positive plant microbial
response across the Solanum genus. J. Exp. Bot. 74, 1579-1593
Pérez-Jaramillo, J.E. et al. (2019) Deciphering rhizosphere
microbiome assembly of wild and modern common bean
(Phaseolus vulgaris) in native and agricultural soils from
Colombia. Microbiome 7, 114

Park, H.E. et al. (2023) Influence of organic plant breeding on
the rhizosphere microbiome of common bean (Phaseolus
vulgaris L.). Front. Plant Sci. 14, 1251919

Quattrone, A. et al. (2023) Nutrient and microbiome-mediated
plant-soil feedback in domesticated and wild Andropogoneae:
implications for agroecosystems. Microorganisms 11, 2978
Spribille, T. et al. (2016) Basidiomycete yeasts in the cortex of
ascomycete macrolichens. Science 353, 488-492

Read, D.J. (1989) Mycorrhizas and nutrient cycling in sand
dune ecosystems. Proc. R. Soc. (Edinburgh) Sect. B (Biol.
Sci.) 96, 89-110

Pixley, K.V. et al. (2023) Redesigning crop varieties to win the
race between climate change and food security. Mol. Plant
16, 1590-1611

Trivedi, P. et al. (2020) Plant-microbiome interactions: from
community assembly to plant health. Nat. Rev. Microbiol. 18,
607-621

Cheng, Y.T. et al. (2019) Plant-microbe interactions facing
environmental challenge. Cell Host Microbe 26, 183-192
Carrion, V.J. et al. (2019) Pathogen-induced activation of
disease-suppressive functions in the endophytic root
microbiome. Science 366, 606-612

Escudero-Martinez, C. et al. (2022) Identifying plant genes
shaping microbiota composition in the barley rhizosphere.
Nat. Commun. 13, 3443

Liu, Q. et al. (2023) Linking plant functional genes to rhizosphere
microbes: a review. Plant Biotechnol. J. 21, 902-917
Edwards, J.A. et al. (2023) Genetic determinants of
switchgrass-root-associated microbiota in field sites spanning
its natural range. Curr. Biol. 33, 1926-1938.1926
Santos-Medellin, C. et al. (2021) Prolonged drought imparts
lasting compositional changes to the rice root microbiome.
Nat. Plants 7, 1065-1077

Wang, Y. et al. (2022) GWAS, MWAS and mGWAS provide
insights into precision agriculture based on genotype-dependent
microbial effects in foxtail millet. Nat. Commun. 13, 5913

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74.

Yu, P. et al (2021) Plant flavones enrich rhizosphere
Oxalobacteraceae to improve maize performance under nitro-
gen deprivation. Nat. Plants 7, 481-499

Mendoza, L. and Alvarez-Buylla, E.R. (2000) Genetic regulation
of root hair development in Arabidopsis thaliana: a network
model. J. Theor. Biol. 204, 311-326

Yi, K. et al. (2010) A basic helix-loop-helix transcription factor
controls cell growth and size in root hairs. Nat. Genet. 42,
264-267

Coudert, Y. et al. (2010) Genetic control of root development in
rice, the model cereal. Trends Plant Sci. 15, 219-226

Léran, S. et al. (2013) Arabidopsis NRT1.1 is a bidirectional
transporter involved in root-to-shoot nitrate translocation. Mol.
Plant 6, 1984-1987

Chien, P.-S. et al. (2022) Phosphate transporter PHT1;1 is a
key determinant of phosphorus acquisition in Arabidopsis natu-
ral accessions. Plant Physiol. 190, 682-697

Falcone Ferreyra, M.L. et al. (2015) The identification of maize
and Arabidopsis type | FLAVONE SYNTHASEs links flavones
with hormones and biotic interactions. Plant Physiol. 169,
1090-1110

Cox, D.E. et al. (2019) ABC transporter genes ABC-C6
and ABC-G38 alter plant-microbe-parasite interactions in the
rhizosphere. Sci. Rep. 9, 19899

Badri, D.V. et al. (2009) An ABC transporter mutation alters
root exudation of phytochemicals that provoke an overhaul of
natural soil microbiota. Plant Physiol. 151, 2006-2017

Chen, T. et al. (2020) A plant genetic network for preventing
dysbiosis in the phyllosphere. Nature 580, 653-657
Goémez-Gomez, L. and Boller, T. (2000) FLS2: an LRR
receptor-like kinase involved in the perception of the bacterial
elicitor flagellin in Arabidopsis. Mol. Cell 5, 1003-1011
Escudero-Martinez, C. and Bulgarelli, D. (2023) Engineering the
crop microbiota through host genetics. Annu. Rev. Phytopathol.
61, 2567277

Cesari, S. et al. (2014) A novel conserved mechanism for plant
NLR protein pairs: the ‘integrated decoy’ hypothesis. Front.
Plant Sci. 5, 606

Stringlis, I.A. et al. (2018) MYB72-dependent coumarin exuda-
tion shapes root microbiome assembly to promote plant health.
Proc. Natl. Acad. Sci. U. S. A. 115, E5213-E5222

Kohorn, B.D. et al. (2009) Pectin activation of MAP kinase and
gene expression is WAK2 dependent. Plant J. 60, 974-982
Ishihama, N. and Yoshioka, H. (2012) Post-translational regula-
tion of WRKY transcription factors in plant immunity. Curr. Opin.
Plant Biol. 15, 431-437

Horton, M\W. et al. (2014) Genome-wide association study of
Arabidopsis thaliana leaf microbial community. Nat. Commun.
5, 5320

Deng, S. et al. (2021) Genome wide association study reveals
plant loci controlling heritability of the rhizosphere microbiome.
ISME J. 15, 3181-3194

Walters, W.A. et al. (2018) Large-scale replicated field study of
maize rhizosphere identifies heritable microbes. Proc. Natl.
Acad. Sci. U. S. A. 115, 7368-7373

Dwivedi, S.L. et al. (2023) Evolutionary dynamics and adaptive
benefits of deleterious mutations in crop gene pools. Trends
Plant Sci. 28, 685-697

Patterson, H.D. and Hunter, E.A. (1983) The efficiency of
incomplete block designs in National List and Recommended
List cereal variety trials. J. Agric. Sci. 101, 427-433
Pantigoso, H.A. et al. (2022) The rhizosphere microbiome:
plant-microbial interactions for resource acquisition. J. Appl.
Microbiol. 133, 2864-2876

Upadhyay, S.K. et al. (2022) Root exudates: mechanistic insight
of plant growth promoting rhizobacteria for sustainable crop
production. Front. Microbiol. 13, 916488

Abdul Hamid, N.W. and Nadarajah, K. (2022) Microbe related
chemical signalling and its application in agriculture. Int.
J. Mol. Sci. 23, 8998

Wang, G. and Li, M. (2024) A comprehensive study on nitrogen
fixation and growth and development regulation of leguminous
plants. Legume Genom. Genet. 15, 1-12

Noman, M. et al. (2021) Plant-microbiome crosstalk: dawning
from composition and assembly of microbial community to

¢ CellP’ress
OPEN ACCESS

Trends in Plant Science, Month 2025, Vol. xx, No. xx 11



http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0115
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0115
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0115
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0120
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0120
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0125
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0125
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0125
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0130
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0130
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0130
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0135
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0135
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0135
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0135
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0140
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0140
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0140
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0145
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0145
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0145
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0150
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0150
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0150
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0155
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0155
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0160
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0160
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0160
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0165
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0165
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0165
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0170
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0170
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0170
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0175
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0175
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0175
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0175
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0180
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0180
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0180
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0185
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0185
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0185
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0190
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0190
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0195
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0195
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0195
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0200
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0200
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0200
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0205
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0205
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0205
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0210
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0210
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0215
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0215
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0215
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0220
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0220
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0220
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0225
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0225
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0230
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0230
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0230
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0235
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0235
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0235
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0240
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0240
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0240
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0245
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0245
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0245
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0250
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0250
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0250
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0255
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0255
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0255
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0260
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0260
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0265
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0265
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0265
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0270
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0270
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0270
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0275
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0275
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0275
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0275
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0280
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0280
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0280
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0285
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0285
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0285
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0290
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0290
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0295
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0295
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0295
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0300
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0300
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0300
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0305
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0305
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0305
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0310
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0310
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0310
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0315
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0315
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0320
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0320
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0320
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0325
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0325
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0325
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0330
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0330
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0330
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0335
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0335
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0335
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0340
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0340
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0340
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0345
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0345
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0345
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0350
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0350
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0350
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0355
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0355
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0355
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0360
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0360
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0360
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0365
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0365
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0365
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0370
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0370

¢? CellPress
OPEN ACCESS

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

12

improvement of disease resilience in plants. Int. J. Mol. Sci. 22,
6852

Phillips, D.A. and Streit, W. (1996) Legume signals to rhizobial
symbionts: a new approach for defining rhizosphere coloniza-
tion. In Plant-Microbe Interactions (Stacey, G. and Keen, N.T.,
eds), pp. 236-271, Springer

Garrido-Oter, R. et al. (2018) Modular traits of the Rhizobiales
root microbiota and their evolutionary relationship with symbi-
otic rhizobia. Cell Host Microbe 24, 1556-167

Ankati, S. and Podile, A.R. (2019) Metabolites in the root
exudates of groundnut change during interaction with plant
growth promoting rhizobacteria in a strain-specific manner.
J. Plant Physiol. 243, 153057

Saleh, D. et al. (2020) Organic acids and root exudates of
Brachypodium distachyon: effects on chemotaxis and biofilm
formation of endophytic bacteria. Can. J. Microbiol. 66,
562-575

O’Neal, L. et al. (2020) Specific root exudates compounds
sensed by dedicated chemoreceptors shape Azospirillum
brasilense chemotaxis into the rhizosphere. Appl. Environ.
Microbiol. 86, €01026-20

Van Dam, N.M. and Bouwmeester, H.J. (2016) Metabolomics in
the rhizosphere: tapping into belowground chemical communi-
cation. Trends Plant Sci. 21, 256-265

Rolfe, S.A. et al. (2019) Crying out for help with root exudates:
adaptive mechanisms by which stressed plants assemble
health-promoting soil microbiomes. Curr. Opin. Microbiol. 49,
73-82

Bakker, P.A.H.M. et al. (2018) The soil-borne legacy. Cell 172,
1178-1180

Lombardi, N. et al. (2018) Root exudates of stressed plants
stimulate and attract Trichoderma soil fungi. Mol. Plant-
Microbe Interact. 31, 979-1110

Shade, A. et al. (2017) Ecological patterns of seed microbiome
diversity, transmission, and assembly. Curr. Opin. Microbiol. 37,
16-22

Guo, J. et al. (2021) Seed-borne, endospheric and rhizospheric
core microbiota as predictor for plant functional traits across
rice cultivars are dominated by deterministic processes. New
Phytol. 230, 2047-2060

Zhang, X. et al. (2022) Dynamics of rice microbiomes reveal
core vertically transmitted seed endophytes. Microbiome 10,
216

Araujo, A.S.F. et al. (2024) Enhancing plant resilience to patho-
gens through strategic breeding: harnessing beneficial bacteria
from the rhizosphere for progeny protection. Rhizosphere 30,
100890

Kinnunen-Grubb, M. et al. (2020) Breeding selection imposed a
differential selective pressure on the wheat root-associated
microbiome. FEMS Microbiol. Ecol. 96, fiaa196

Rodriguez, C.R. et al. (2021) The bacterial microbiome of the
tomato fruit is highly dependent on the cultivation approach
and correlates with flavor chemistry. Front. Plant Sci. 12,
775722

Walsh, C. et al. (2024) Microbial terroir: associations between
soil microbiomes and the flavor chemistry of mustard
(Brassica juncea). New Phytol. 243, 1951-1965

Xin, W. et al. (2024) Root microbiota of tea plants regulate
nitrogen homeostasis and theanine synthesis to influence tea
quality. Curr. Biol. 34, 868-880

Kardos, M. et al. (2016) Genomics advances the study of
inbreeding depression in the wild. Evol. Appl. 9, 1205-1218
Marschmann, G.L. et al. (2024) Predictions of rhizosphere
microbiome dynamics with a genome-informed and trait-
based energy budget model. Nat. Microbiol. 9, 421-433
Yang, Z. et al. (2024) Microbiome-enabled genomic selection
improves prediction accuracy for nitrogen-related traits in
maize. G3 (Bethesda) 14, jkad286

Liu, Y. et al. (2024) Heterosis of endophytic microbiomes in
hybrid rice varieties improves seed germination. mSystems 9,
e00004-24

Wagner, M.R. et al. (2021) Microbe-dependent heterosis in
maize. Proc. Natl. Acad. Sci. U. S. A. 118, e2021965118
Araujo, A.S.F. et al. (2024) Beyond plant genetics: microbiome-
enhancing heterosis in plants. Trends Plant Sci. 29, 1292-1294

Trends in Plant Science, Month 2025, Vol. xx, No. xx

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111

112

113.

114.

115.

116.

17.

118.

119.

120.

121.

122.

123.

124.

Trends in Plant Science

. Song, S. et al. (2023) PSKR1 balances the plant growth
defence-trade-off in the rhizosphere microbiome. Nat. Plants
9, 2071-2084

. Tao, X. et al. (2024) Plant resistance to soil-borne diseases.

Front. Plant Sci. 15, 1369706

Talukder, Z. et al. (2023) Genetic analysis of basal stalk rot

resistance introgressed from wild Helianthus petiolaris into cul-

tivated sunflower (Helianthus annuus L.) using an advanced

backcross population. Front. Plant Sci. 14, 1278048

McCabe, C.E. et al. (2024) Virus induced gene silencing

confirms oligogenic inheritance of brown stem rot resistance

in soybean. Front. Plant Sci. 14, 1292605

Uga, Y. (2021) Challenges to design-oriented breeding of root sys-

tem architecture adapted to climate change. Breed. Sci. 71, 3-12

Rizi, M.S. and Mohammadi, M. (2023) Breeding crops for

enhanced roots to mitigate against climate change without

compromising yield. Rhizosphere 26, 100702

Favela, A. et al. (2021) Maize germplasm chronosequence

shows crop breeding history impacts recruitment of the rhizo-

sphere microbiome. ISME J. 15, 2454-2464

Mendes, L.W. et al. (2018) Breeding for soil-borne pathogen

resistance impacts active rhizosphere microbiome of common

bean. ISME J. 123038-123042

Mendes, L.W. et al. (2019) Resistance breeding of common

bean shapes the physiology of the rhizosphere microbiome.

Front. Microbiol. 10, 2252

Lazcano, C. et al. (2021) The rhizosphere microbiome plays a role

in the resistance to soil-borme pathogens and nutrient uptake of

strawberry cultivars under field conditions. Sci. Rep. 11, 3188

Brachi, B. et al. (2022) Plant genetic effects on microbial hubs

impact host fitness in repeated field trials. Proc. Natl. Acad.

Sci. U. S. A. 119, 2201285119

Kravchenko, A.N. et al. (2019) Microbial spatial footprint as a

driver of soil carbon stabilization. Nat. Commun. 10, 3121

Dawkins, R. (1982) The Extended Phenotype, Oxford University

Press

Beilsmith, K. et al. (2019) Genome-wide association studies on

the phyllosphere microbiome: embracing complexity in host—

microbe interactions. Plant J. 97, 164-181

Bergelson, J. et al. (2019) Characterizing both bacteria and fungi

improves understanding of the Arabidopsis root microbiome.

Sci. Rep. 9, 24

Wallace, J.G. et al. (2018) Quantitative genetics of the maize leaf

microbiome. Phytobiomes J. 2, 208-224

Roman-Reyna, V. et al. (2020) Characterization of the leaf

microbiome from whole-genome sequencing data of the 3000

Rice Genomes Project. Rice (NY) 13, 72

Diaz-Rodriguez, A. et al. (2021) The current and future role of

microbial culture collections in food security worldwide. Front.

Sustain. Food Syst. 4, 614739

Hassani, M.A. et al. (2018) Microbial interaction within the plant

holobiont. Microbiome 6, 58

Cockell, C.S. and Jones, H.L. (2009) Advancing the case of mi-

crobial conservation. Oryx 43, 520-526

Kashyap, P. et al. (2011) Genes of microorganisms: paving way

to tailor next generation fungal disease resistant crop plants.

Not. Sci. Biol. 3, 147-157

Sharma, S.K. et al. (2017) Microbial cultures: maintenance,

preservation and registration. In Modern Tools and Techniques

to Understand Microbes (Varma, A. and Sharma, A.K., eds),
pp. 335-367, Springer Intemnational Publishing

Anand, U. et al. (2022) Current advances in research prospects

for agricultural and industrial uses of microbial strains available

in world collections. Sci. Total Environ. 842, 156641

Turkovskaya, O.V. and Golubev, S.N. (2020) The collection of

rhizosphere microorganisms: its importance for the study of

associative plant bacterium-interactions. Vavilovskii Zhurnal

Genet. Selektsii 24, 315-324

Uruburu, F. (2003) History and services of culture collections.

Int. Microbiol. 6, 101-103

De Vero, L. et al. (2019) Preservation, characterization and

exploitation of microbial diversity. The perspective of the Italian

network of culture collections. Microorganisms 7, 685

Smith, D. (2003) Culture collections over the world. Int.

Microbiol. 6, 95-100


http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0370
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0370
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0375
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0375
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0375
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0375
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0380
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0380
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0380
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0385
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0385
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0385
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0385
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0390
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0390
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0390
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0390
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0395
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0395
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0395
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0395
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0400
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0400
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0400
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0405
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0405
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0405
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0405
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0410
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0410
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0415
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0415
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0415
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0420
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0420
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0420
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0425
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0425
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0425
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0425
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0430
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0430
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0430
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0435
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0435
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0435
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0435
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0440
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0440
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0440
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0445
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0445
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0445
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0445
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0450
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0450
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0450
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0455
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0455
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0455
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0460
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0460
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0465
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0465
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0465
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0470
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0470
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0470
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0475
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0475
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0475
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0480
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0480
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0485
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0485
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0490
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0490
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0490
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0495
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0495
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0500
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0500
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0500
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0500
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0505
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0505
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0505
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0510
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0510
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0515
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0515
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0515
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0520
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0520
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0520
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0525
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0525
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0525
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0530
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0530
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0530
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0535
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0535
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0535
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0540
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0540
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0540
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0545
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0545
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0550
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0550
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0555
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0555
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0555
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0560
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0560
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0560
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0565
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0565
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0570
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0570
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0570
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0575
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0575
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0575
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0580
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0580
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0585
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0585
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0590
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0590
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0590
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0595
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0595
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0595
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0595
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0600
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0600
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0600
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0605
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0605
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0605
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0605
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0610
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0610
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0615
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0615
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0615
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0620
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0620

Trends in Plant Science

125.

126.

127.

128.

129.

Winters, R.D. and Winn, W.C. (2010) A Simple, effective
method for bacterial culture storage: a brief technical report.
J. Bacteriol. Virol. 40, 99-101

Prakash, O. et al. (2013) Practice and prospects of microbial
preservation. FEMS Microbiol. Lett. 339, 1-9

Morgan, C.A. et al. (2006) Preservation of microorganisms by
drying; a review. J. Microbiol. Methods 66, 183-193

Ryan, M.J. et al. (2021) Development of microbiome biobanks —
challenges and opportunities. Trends Microbiol. 29, 89-92
Singer, E. et al. (2016) High-resolution phylogenetic microbial
community profiling. ISME J. 10, 2020-2032

130.

131.

132.

138.

Konstantinidis, K.T. et al. (2017) Uncultivated microbes in need
of their own taxonomy. ISME J. 11, 2399-2406
Commichaux, S. et al. (2021) A critical assessment of
gene catalogs for metagenomic analysis. Bioinformatics 37,
2848-2857

Ahmed, |.A. (2023) Ethical issues of microbial products for
industrialization. In Microbial Products for Future Industrialization
(Sarkar, A. and Ahmed, I.A., eds), pp. 393-411, Springer
Solanki, M.K. et al. (2024) From concept to reality: transforming
agriculture through innovative rhizosphere engineering for plant
health and productivity. Microbiol. Res. 279, 127553

Trends in Plant Science, Month 2025, Vol. xx, No. xx

¢ CellP’ress
OPEN ACCESS

13



http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0625
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0625
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0625
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0630
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0630
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0635
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0635
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0640
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0640
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0645
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0645
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0650
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0650
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0655
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0655
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0655
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0660
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0660
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0660
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0665
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0665
http://refhub.elsevier.com/S1360-1385(25)00103-7/rf0665

	Exploitation of rhizosphere microbiome biodiversity in plant breeding
	Rhizosphere microbiomes
	Domestication and ploidy impact the composition and diversity of rhizosphere microbiomes
	Mining heritable variability for rhizosphere microbiome across germplasm and environments
	Key genes regulating rhizosphere microbiomes and host-associated genetic variation
	Integrated breeding approaches involving host (plant) and rhizosphere microbiome genes to enhance food/nutritional security...
	Beneficial plant and microbiome traits lost through domestication and genetic improvement
	Unlocking the crosstalk between plants and microorganisms in the rhizosphere
	Breeding environments influencing rhizosphere microbiomes
	Soil microbiomes influencing flavor chemistry of fruits and seeds
	Root microbiome-based inbreeding depression and heterosis, genomic selection, and tradeoffs
	Resistance breeding to soil-borne diseases impacts rhizosphere microbiome community
	Developing a genotype–phenotype map involving host and symbiotic extended phenotype

	Concluding remarks
	Author contributions
	Acknowledgments
	Declaration of interests
	References




