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ABSTRACT: One of the central challenges in contemporary agriculture is to sustain
productivity with reduced inputs while improving crop nutritional quality. In this context,
reconnecting plant nutrition with the plant-soil microbiome represents a critical and
timely opportunity. Despite increasing recognition of the microbiome’s pivotal role in plant
nutrition, this relationship is often conceptualized within fragmented, domain-specific
frameworks rather than as a fully integrated system. Here, we argue that plant nutrition
provides a robust, quantitative framework to reposition the microbiome within agronomy
by linking microbial processes to measurable outcomes such as nutrient uptake, nutrient
use efficiency, crop quality, and plant responses to environmental stress. We propose that
nutrient acquisition should not be viewed as a purely physicochemical process, but as a
biologically mediated outcome emerging from interactions among plants, microorganisms,
and their environment, particularly in the rhizosphere. Evidence from isotopic, physiological,
and ecological studies indicates that microbiome contributions to plant nutrition are
measurable but strongly context-dependent, helping to explain their variability under field
conditions and the limitations of simplified inoculant approaches. Finally, we advocate for
integrative frameworks that explicitly connect microbial ecology, plant physiology, and
nutrient dynamics across scales.
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Plant nutrition and the plant-soil microbiome are
often still treated as adjacent rather than truly
integrated domains. This separation is increasingly
untenable in modern agriculture, which must
simultaneously sustain productivity, reduce external
inputs, improve food quality, and operate within
tighter ecological constraints. Recent advances suggest
that microbiome-mediated processes can contribute
directly to nutrient acquisition and plant performance,
yet their role remains conceptually underdefined
within plant nutrition. Here, we adopt a broad
view of the microbiome as a functional continuum
encompassing microorganisms, their habitats, and the
biochemical interactions that occur across the soil-
plant interface, including the rhizosphere, bulk soil,
and plant-associated compartments (Copeland et al.,
2025). Within this continuum, microbial processes
influence not only nutrient availability but also plant
physiological functioning, reinforcing the need to
integrate microbiome dynamics into plant nutrition
frameworks. The existing conceptual fragmentation
limits our ability to translate microbiome research into
agronomic practice and hampers the development of
more efficient and sustainable nutrient management
strategies.

Rather than constituting a new scientific field,
microbiome-mediated plant nutrition exposes a
fundamental limitation of classical mineral nutrition,
which has long framed nutrient acquisition as a
predominantly physicochemical process governed
by soil stocks and extractable pools, with biological
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mediation treated as secondary. Accumulating
evidence now challenges this view, demonstrating
that microorganisms play a central role in regulating
nutrient accessibility, transforming poorly available
forms into plant-accessible pools, and modulating
nutrient fluxes in situ (Jacoby et al., 2017; Pantigoso
et al., 2022). For example, plants can actively recruit
microbial communities involved in phosphorus
mobilization, but nutrient availability itself also shapes
recruitment patterns (Fonseca et al., 2025). Likewise,
isotopic evidence demonstrates that biologically
mediated nitrogen inputs can contribute measurably
to plant nutrition under specific environmental
(Thiengo et al., 2024) and field conditions (Galindo
et al., 2024). These findings reinforce that nutrient
acquisition is not purely a chemical process but
a Dbiologically mediated outcome emerging from
plant-microbe interactions, whose magnitude and
consistency depend on environmental and nutritional
context. This shift challenges the traditional separation
between soil chemistry and biology and calls for a
more integrated conceptual structure.

Plant nutrition should therefore be repositioned
as the central framework through which microbiome
function becomes agronomically intelligible. This
is because plant nutrition provides a quantitative
and integrative configuration already embedded in
agronomic decision-making. This positioning enables
the interpretation of microbiome processes within
the same structure used to guide fertilization and
nutrient management strategies. While microbiome
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research is often framed in terms of resilience,
sustainability, plant health, or stress tolerance, these
categories only become agronomically meaningful
when translated into measurable nutritional and
physiological outcomes (Copeland et al., 2025; Singh
et al., 2025). Plant nutrition offers this interface by
linking microbial activity to measurable outcomes,
including nutrient uptake, nutrient use efficiency,
fertilizer recovery, crop quality, and plant responses
to environmental stress. This integrative approach,
where plant nutrition acts as the functional interface
linking microbiome processes to plant physiology and
agronomic outcomes, is summarized in Figure 1.

This  perspective requires a dynamic
understanding of the rhizosphere as a biologically
active interface rather than a passive zone of
interaction, shaped by continuous feedback between
plant physiology and microbial activity. For instance,
microorganisms influence root development, nutrient-
responsive gene expression, and physiological
processes such as photosynthesis and water use
efficiency (Fonseca et al.,, 2025, Thiengo et al.,
2025; Galindo et al., 2024), thereby linking nutrient
acquisition to plant physiological performance and
resilience. From this perspective, tolerance to abiotic
and biotic stress should not be treated as an isolated
microbiome function but as an emergent property
arising from the integration of nutritional status and
physiological regulation.

The rapid expansion of microbial inoculants
has made these issues more pressing. Although
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inoculation strategies are often designed to deliver
specific functions, their effectiveness depends on
interactions with resident microbial communities
and the surrounding environmental context.
This context dependency helps explain the often-
inconsistent performance of microbial inoculants
under field conditions. Evidence increasingly shows
that microbial consortia can reshape rhizosphere
chemistry, plant nutrition, and productivity more
effectively than single-strain inoculants due
to complementary mechanisms and ecological
interactions (Moretti et al., 2024; Galindo et al.,
2025). Beyond bacteria and fungi, emerging evidence
indicates that other biological agents, such as soil
viruses, can influence nutrient cycling by modulating
microbial functional potential, particularly under
environmental constraints such as soil acidification
(Cheng et al., 2026). These findings suggest that
nutrient dynamics are shaped by multi-layered
biological interactions that extend beyond classical
plant-microbe frameworks, reinforcing the need for
integrative approaches that account for ecological
complexity.

Reconnecting plant nutrition with the plant-
soil microbiome does not represent the addition of
a new layer to agronomy but rather the restoration
of a fundamental biological dimension. Advances
in multi-omics approaches are rapidly revealing the
mechanistic basis of these interactions, connecting
microbial communities, plant physiology, and
nutrient dynamics at unprecedented resolution (Li

Figure 1 — Integrative framework in which plant nutrition operates as the functional interface linking microbiome processes to plant physiology
and agronomic outcomes. Microbiome processes, including diazotroph activity, rhizosphere interactions, and microbial signaling, influence
nutrient uptake and contribute to plant nutritional status. In turn, plant nutrition connects these microbial processes with physiological
responses such as root development, metabolism and partitioning, and stress responses, ultimately shaping agronomic outcomes including

yield and biomass, resource efficiency, and soil health.
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et al., 2026). This integration is particularly relevant
because microbiome-mediated processes influence
nutrient acquisition, plant physiological responses
to environmental stress, and crop nutritional quality.
These interactions may extend across scales, linking
soil processes to plant performance and, ultimately,
to human nutrition and health within a broader
One Health perspective (Ma et al., 2025). Moving
forward, integrating plant nutrition and microbiome
science will not only refine our understanding of
nutrient acquisition but fundamentally reshape how
agricultural systems are designed and managed.
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