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Abstract

The Green Revolution of the 20th century was largely sustained by the intensive application of synthetic nitrogen (N)
fertilizers and phosphorus (P)-based fertilizers. However, the economic and environmental costs of this dependency are
untenable in the long term, contributing significantly to greenhouse gas emissions, aquatic eutrophication, and soil
degradation. In contrast, nature has evolved sophisticated plant-microbe symbioses, most notably legume-rhizobia
interactions for biological nitrogen fixation (BNF) and arbuscular mycorrhizal (AM) fungi associations for phosphorus
acquisition, which operate with high efficiency and minimal environmental impact. This review posits that the strategic
engineering of these symbiotic systems represents the most promising pathway to developing the next generation of
sustainable agricultural practices. We synthesize recent advances in our understanding of the molecular dialogues,
genetic networks, and metabolic cross-talk that underpin these symbioses. A core focus is on the emerging strategies to
"de-orphan" non-legume crops, such as cereals, by equipping them with the genetic machinery to initiate and maintain
nitrogen-fixing nodules with rhizobia. Concurrently, we explore the engineering of enhanced phosphorus scavenging
and uptake through the optimization of mycorrhizal associations and the plant's own P-starvation response (PSR)
machinery. We discuss synthetic biology approaches, including the design of minimal genetic modules for symbiosis,
the manipulation of phytohormone signaling, and the engineering of microbial communities (microbiomes) to create
synergistic, beneficial consortia. Furthermore, we critically evaluate the challenges of ensuring the stability, efficiency,
and field-level robustness of these engineered symbioses. By integrating insights from plant genetics, microbiology, and
synthetic biology, this article charts a course toward a new era of agriculture where crops are empowered to harness
atmospheric nitrogen and soil phosphorus through tailored symbiotic partnerships, drastically reducing the need for
chemical inputs and enhancing global food security.
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1. Introduction

The Unsustainable Burden of Chemical Fertilizers

Modern agriculture stands at a critical juncture. The phenomenal increases in crop yield achieved during the Green
Revolution were fundamentally underpinned by the Haber-Bosch process, which converts inert atmospheric dinitrogen
(N₂) into ammonia (NH₃) for fertilizers, and the intensive mining of rock phosphate for phosphorus (P) fertilizers. While
these inputs have fed billions, their continued and expanding use poses severe threats to planetary health. The Haber-
Bosch process is exceptionally energy-intensive, accounting for approximately 1-2% of global annual energy
consumption and contributing significantly to CO₂ emissions [1]. Furthermore, the application of N fertilizers is
notoriously inefficient, with only 30-50% taken up by crops; the remainder is lost to the environment through nitrate
leaching, which contaminates groundwater, and through microbial denitrification, which produces nitrous oxide (N₂O),
a potent greenhouse gas with nearly 300 times the global warming potential of CO₂.

Similarly, the story of phosphorus is one of looming scarcity and pollution. Rock phosphate is a finite, non-renewable
resource, with economically viable reserves concentrated in a few geopolitical regions, creating supply chain
vulnerabilities. Like nitrogen, phosphorus use efficiency in agriculture is low, with a significant fraction of applied P
becoming fixed in the soil in forms unavailable to plants or running off into water bodies, triggering eutrophication and
devastating "dead zones" in lakes and coastal oceans [2].

This paradigm is economically and environmentally unsustainable. There is an urgent need to develop alternative,
disruptive technologies that can decouple crop productivity from chemical fertilizer inputs. Nature provides a blueprint
for such a solution in the form of plant-microbe symbioses. For millions of years, legumes have engaged in a mutually
beneficial partnership with diazotrophic rhizobia bacteria, which fix atmospheric N₂ into ammonia within specialized
root organs called nodules. This symbiosis provides the host plant with a direct and autonomous source of nitrogen. In
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parallel, the majority of land plants form associations with arbuscular mycorrhizal (AM) fungi, which dramatically
expand the root system's absorptive surface area, facilitating the uptake of immobile nutrients like phosphorus, zinc, and
water in exchange for plant-derived carbohydrates.

The central thesis of this article is that by leveraging cutting-edge tools in molecular biology, genomics, and synthetic
biology, we can now engineer these naturally occurring symbioses to be more efficient, resilient, and-most ambitiously-
extended to non-host crops, particularly cereals like rice, wheat, and maize. The goal is to create "self-fertilizing" crops
that can satisfy a substantial portion of their nitrogen and phosphorus requirements through enhanced microbial
partnerships. This review will comprehensively explore the progress, strategies, and formidable challenges in this
burgeoning field, focusing on the two most critical nutrients: nitrogen and phosphorus [3].

2. The Blueprint of Nature: Fundamentals of Symbiotic Nitrogen Fixation

To engineer a process, one must first understand its native blueprint. Symbiotic nitrogen fixation (SNF) in legumes is a
complex, multi-stage dance between plant and microbe, orchestrated by a sophisticated molecular dialogue.

2.1 The Symbiotic Dialogue: Nod Factor Signaling

The process begins with the exchange of chemical signals. Flavonoids and other secondary metabolites secreted by the
legume root exudates are perceived by compatible rhizobia in the rhizosphere. In response, the bacteria synthesize and
release lipochitooligosaccharide signaling molecules called Nod factors (NFs). The perception of these NFs by specific
LysM receptor-like kinases (e.g., NFR1/NFR5 in Lotus japonicus) on the plant root epidermal cells triggers the
symbiotic signaling cascade. This cascade involves a nuclear-associated oscillation of calcium, known as calcium
spiking, which is decoded by a calcium and calmodulin-dependent protein kinase (CCaMK). Phosphorylated CCaMK
then activates a suite of transcription factors, including CYCLOPS and Nodulation Signaling Pathway (NSP) proteins,
which collectively induce the expression of genes essential for infection and nodule organogenesis [4].

2.2 Infection and Nodule Organogenesis

Concurrently, rhizobia enter the root through infection threads, which are tubular structures invaginated from the root
hair cell wall. The plant, in parallel, initiates cell divisions in the root cortex to form a new organ: the nodule. The
developing nodule establishes a unique, low-oxygen environment facilitated by an oxygen-diffusion barrier [5]. This is
crucial because the bacterial enzyme responsible for nitrogen fixation, nitrogenase, is irreversibly inactivated by oxygen.
Inside the nodule, rhizobia differentiate into their symbiotic form, bacteroids, and are enveloped by a plant-derived
membrane to form symbiosomes, the functional units of nitrogen fixation. Here, the bacteroids express the nif genes
encoding nitrogenase, which catalyzes the reduction of N₂ to NH₃. The plant provides the bacteroids with carbon
sources (primarily malate and succinate) derived from photosynthesis, and in return, receives fixed nitrogen, primarily
in the form of ammonium [6].

2.3 The Genetic Toolkit for Nodulation

Decades of genetic research, primarily in model legumes like Medicago truncatula and Lotus japonicus, have identified
a core set of genes essential for SNF, collectively termed the "Common Symbiosis Pathway" (CSP) or "SYM" pathway.
This pathway is not only required for rhizobial nodulation but is also shared with the more ancient arbuscular
mycorrhizal symbiosis, suggesting a deep evolutionary link. Key components include the receptors (NFP/LYK3,
NFR1/NFR5), nuclear pore proteins, nucleoporins, the calcium channel, and the decoder CCaMK. The existence of this
conserved CSP is a foundational insight for engineering strategies, as it implies that many non-legume plants already
possess a significant part of the genetic machinery needed to perceive microbial symbionts.

3. Engineering the Dream: Transferring Nitrogen Fixation to Cereals

The monumental challenge of conferring autonomous nitrogen-fixing capability to cereals can be approached through
two primary, and potentially complementary, strategies: 1) engineering the cereal plant to form nodules and host
nitrogen-fixing rhizobia (i.e., creating symbiotic cereals), and 2) engineering the cereal microbiome or plant-associated
diazotrophs to enhance associative nitrogen fixation in the rhizosphere or endophytic compartments [7].

3.1 Strategy 1: Nodulation in Non-Legumes (The "Nodulation Pathway")

This is the most ambitious approach, aiming to recreate the legume-rhizobia symbiosis in cereals.

Installing the Nod Factor Perception System: The first logical step is to equip cereal roots with the ability to perceive
rhizobial Nod factors. Early attempts involved expressing legume NF receptors in rice and maize. While these
transgenic plants sometimes showed altered root development and responses to NF application, they did not result in
spontaneous nodulation. This indicates that NF perception, while necessary, is not sufficient. The downstream signaling
cascade must also be robustly activated [8].

Reconstituting the Downstream Signaling Cascade: Given that cereals possess orthologs of many CSP genes (e.g.,
CCaMK), the focus has shifted to manipulating these endogenous pathways. A landmark study demonstrated that gain-
of-function mutations in CCaMK, or the expression of a constitutively active form, can trigger spontaneous nodule-like
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structures (NLS) in rice, even in the absence of rhizobia. This proved that the core organogenetic program for
nodulation can be activated in a cereal. However, these structures were often disorganized and did not contain bacteria.

The Role of Transcription Factors and Hormones: Nodulation is tightly controlled by a complex hormonal interplay,
with auxin, cytokinin, and gibberellin playing central roles. Cytokinin signaling is particularly critical; its perception is
a key step in initiating cortical cell divisions. Engineering cytokinin biosynthesis or response pathways in the root
cortex is another promising avenue to predispose cereals to nodule formation [9]. Furthermore, expressing key legume-
specific transcription factors, such as Nodule Inception (NIN) and its targets, is likely essential for coordinating
infection thread formation and proper nodule development. Recent work has shown that expressing a suite of legume
transcription factors (NIN, NSP1, NSP2, and ERN1) in rice can reprogram root cells to a more nodule-competent state.

3.2 Strategy 2: Enhancing Associative Nitrogen Fixation

While the goal of creating nodulating cereals is pursued, a more immediately tractable approach is to enhance
"associative nitrogen fixation," where free-living or endophytic diazotrophs fix nitrogen in the rhizosphere or within
root tissues without forming nodules.

Engineering the Rhizosphere Environment: Cereal roots can be engineered to create a microenvironment more
conducive to nitrogen fixation. This includes:

oExuding Symbiotic Signals: Engineering cereals to produce and secrete flavonoid-like compounds that strongly attract
and activate beneficial diazotrophs [10].

oProviding Carbon Sources: Modifying root exudation profiles to provide optimal carbon sources (e.g., organic acids,
sugars) that fuel the energy-intensive nitrogen fixation process in associated bacteria.

oCreating Microaerobic Niches: Nitrogenase requires low oxygen. Plants can be engineered to better regulate oxygen
diffusion in the root cortex or aerenchyma, creating ideal microaerobic niches for endophytic diazotrophs like
Gluconacetobacter diazotrophicus or Azospirillum spp.

Engineering Diazotrophic Bacteria: Synthetic biology allows for the direct engineering of bacterial strains with
enhanced capabilities.

oAmplifying nif Gene Expression: The entire nif gene cluster from model diazotrophs like Klebsiella oxytoca has been
successfully transferred and expressed in a wide range of non-diazotrophic bacteria, conferring the ability to fix
nitrogen. This "nif module" can be introduced into robust, root-colonizing bacteria.

oOptimizing Metabolic Coupling: Engineered bacteria can be further optimized to efficiently transfer fixed nitrogen to
the plant. This can involve knocking out bacterial ammonium assimilation genes (glnA) to promote ammonium
excretion, or engineering the secretion of specific amino acids like citrulline, which can be efficiently transferred to the
plant.

oBuilding Synthetic Consortia: Instead of relying on a single engineered strain, a consortium of microbes can be
designed where different members perform specialized tasks-one fixes nitrogen, another solubilizes phosphorus, a third
provides phytohormones, and all are stabilized by a helper strain that provides public goods (e.g., biofilm formation).
This division of labor can enhance overall stability and function.

The two primary strategies for conferring nitrogen fixation capability to cereals-engineering the nodulation pathway and
enhancing associative fixation-are summarized in Figure 1, and the latter will be detailed in this section.

Figure 1. Engineered strategies for nitrogen fixation.

Figure 1 illustrates two synthetic biology strategies that enable grasses (such as maize, wheat, and rice) to acquire
nitrogen-fixing capabilities.
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Left: Nodulation Pathway → Directly induces grasses to grow root nodules like legumes, and fixes nitrogen inside the
nodules.

Right: Rhizosphere Engineering → Instead of preventing plants from developing root nodules, it alters root exudates,
allowing engineered microorganisms to fix nitrogen in the rhizosphere and release ammonium ions for plant absorption.

Both sides share the same goal: to enable non-nitrogen-fixing crops to obtain "self-sufficient nitrogen fertilizer". This
figure compares two approaches to enabling grasses to fix nitrogen like legumes: Left: Engineering the plant itself to
grow root nodules and house nitrogen-fixing bacteria. Right: Altering root exudates to attract engineered
microorganisms that fix nitrogen in the rhizosphere and release it to the plant.

Table 1. Summary of key engineering strategies for enhanced nitrogen fixation in cereals.

Strategy Approach Key Targets/Techniques Challenges

Nodulation
Pathway

Engineer plant to
form nodules

Express legume NF receptors; Constitutively
activate CCaMK; Engineer cytokinin response;

Express master TFs (NIN, NSP)

Coordinating infection; Correct
tissue differentiation; Achieving

high, regulated fixation

Associative
Fixation

Engineer plant
rhizosphere

Engineer flavonoid & carbon exudation; Modify
root O₂ diffusion

Attracting the right microbes;
Preventing pathogen invasion;

Carbon cost to plant

Associative
Fixation

Engineer microbial
partners

Transfer nif cluster to PGPB; Knock out NH₄⁺
assimilation genes; Design synthetic consortia

Stability of engineered microbes in
field; Horizontal gene transfer;

Regulatory approval

Table 1 summarizes the main engineering strategies for improving the nitrogen fixation capacity of grasses (such as rice,
corn, and wheat). (1) Inducing root nodules in plants (most complex) (2) Altering the rhizosphere environment of plants
to attract nitrogen-fixing bacteria (3) Directly engineering nitrogen-fixing microorganisms. The key genetic engineering
goals and practical challenges of each were explained.

4. The Other Critical Nutrient: Engineering for Enhanced Phosphorus Acquisition

Phosphorus (P) is the second major pillar of plant nutrition. While nitrogen fixation engineering aims to create a new
nutrient source, phosphorus engineering focuses on improving access to the vast reserves of insoluble P locked in most
agricultural soils [11].

4.1 The Arbuscular Mycorrhizal (AM) Symbiosis

The AM symbiosis is the most widespread plant-microbe partnership for P acquisition. AM fungi form extensive hyphal
networks that explore a much larger soil volume than roots alone can, accessing P pools beyond the root depletion zone.

The Symbiotic Pathway: Similar to rhizobial symbiosis, the AM association begins with a molecular dialogue. Plant
roots exude strigolactones, which stimulate hyphal branching and metabolism in AM fungi. The fungi, in turn, produce
Myc factors (lipochitooligosaccharides similar to Nod factors), which are perceived by the plant via a receptor complex
that includes the CSP components. This activates the common SYM pathway, leading to the formation of a pre-
penetration apparatus and allowing the fungus to invade the root cortex. Inside the root, the fungus forms highly
branched structures called arbuscules within cortical cells, which are the primary sites of nutrient exchange [12].

Engineering for Enhanced AM Function:

oPlant Side: Plants can be engineered to foster more beneficial AM associations. This includes modulating the
strigolactone biosynthesis pathway to enhance fungal attraction, or engineering the expression of plant phosphate
transporters (e.g., PT4 in Medicago) that are specifically activated in arbusculated cells to maximize P uptake from the
fungus. Furthermore, manipulating plant defense responses to allow for more extensive fungal colonization without
compromising plant immunity is a key target.

oFungal Side: While genetic manipulation of AM fungi is technically challenging due to their obligate biotrophic nature
and coenocytic mycelium, progress is being made. Selecting or evolving fungal isolates with superior P scavenging
ability, hyphal growth efficiency, and carbon use efficiency could lead to more effective inoculants.

4.2 Non-Symbiotic Phosphorus Solubilization

Many free-living soil bacteria and fungi possess the ability to solubilize inorganic P (e.g., from calcium, iron, or
aluminum phosphates) and mineralize organic P.

Microbial Mechanisms: The primary mechanism for inorganic P solubilization is the secretion of low molecular weight
organic acids (e.g., gluconic acid, citric acid) which chelate metal cations and acidify the microenvironment. This
process is often mediated by the direct oxidation of glucose via the quinoprotein glucose dehydrogenase (GDH) and the
pqq (pyrroloquinoline quinone) cofactor biosynthesis genes. For organic P mineralization, microbes secrete a variety of
enzymes, most notably phosphatases (e.g., phytases) that hydrolyze esters and anhydrides of phosphoric acid.

Engineering for Enhanced P Solubilization:
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oAmplifying Acid Production: Engineered microbes can be designed to overexpress the pqq gene cluster and GDH,
leading to hyper-production of gluconic acid and dramatically enhanced P solubilization from rock phosphate and fixed
soil P.

oSecretion of Phytases: Cloning and expressing high-efficiency phytase genes in robust root-colonizing bacteria can
allow them to efficiently mineralize organic P from soil phytate, the primary storage form of P in seeds and soils,
making it available to the plant.

oSynchronizing P Release with Plant Demand: A sophisticated engineering goal is to place the genes for organic acid
production or phytase secretion under the control of a plant-derived signal, such as a specific root exudate compound
that is only produced under P-starvation. This would ensure that the microbial activity is tightly coupled to plant need,
improving efficiency.

4.3 Engineering the Plant's Innate Phosphorus Starvation Response (PSR)

Plants have an innate, sophisticated response to P deficiency. Engineering this PSR can enhance P acquisition
independent of, or synergistic with, microbial partners.

Root System Architecture: P starvation triggers dramatic changes in root system architecture (RSA), promoting the
formation of shallow, highly branched root systems and long root hairs to explore the topsoil where P is most abundant.
Key regulators like the transcription factor PHR1 (PHOSPHATE STARVATION RESPONSE 1) and the hormone
strigolactone control these changes. Engineering constitutive or enhanced activity of PSR regulators can create crops
with "P-scavenging" root architectures [13].

Secretory Capacity: Plants also secrete organic acids (citrate, malate) and acid phosphatases into the rhizosphere under
P stress to mobilize P. Overexpression of genes involved in the biosynthesis and transport of these compounds (e.g.,
citrate efflux transporters) can enhance the plant's direct capacity to access fixed soil P.

A holistic approach to engineering phosphorus acquisition involves synergizing the plant's innate responses with both
mycorrhizal and non-symbiotic microbial pathways, as illustrated in Figure 2.

Figure 2. Integrated engineering for phosphorus acquisition.

Figure 2 illustrates how engineered plants and microorganisms can enhance the phosphorus (P) uptake of gramineous
crops such as rice, corn, and wheat. Phosphorus is one of the most important but most difficult nutrients for plants to
absorb, especially since most phosphorus in the soil exists as insoluble (cannot be absorbed) or organic phosphorus
(cannot be used directly). Therefore, the diagram shows two directions:

(1) Cooperation between plant roots and **arbuscular mycorrhizal fungi (AM Fungus)**

(2) Engineered phosphate-solubilizing bacteria living freely in the rhizosphere

Both work together to enhance phosphorus uptake. By combining engineered plants (enhancing mycorrhizal symbiosis)
with engineered microorganisms (solubilizing phosphorus and decomposing organic phosphorus), crops can absorb
phosphorus from the soil more effectively.
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5. Integrated Systems and Synthetic Consortia

The ultimate success of engineering plant-microbe symbiosis will likely come from integrated approaches that combine
multiple strategies. An engineered cereal could possess a "leaky" root system that exudes specific carbon sources and
signals, attracting a synthetic microbial consortium whose members are engineered for high-level nitrogen fixation,
phosphorus solubilization, and perhaps even pathogen suppression.

This requires a systems-level understanding of the metabolic cross-talk. How much carbon can the plant allocate to
microbial partners without compromising yield? How do we balance the plant's innate nutrient uptake systems with
those provided by microbes? Computational modeling and metabolic flux analysis will be crucial to design these
integrated systems for optimal resource exchange and stability.

A central challenge in implementing these engineered symbioses is the inherent carbon cost, which represents a critical
trade-off between nutrient acquisition and yield potential (Figure 3).

Figure 3. The carbon-for-nutrients trade-off.

Figure 3 explain If crops are engineered to rely on rhizobia, arbuscular mycorrhizal fungi (AMF), or engineered
rhizosphere microorganisms for nutrients, the plant will need to expend more photosynthetic products to "nourish" these
partners, potentially impacting the final yield. This is a conceptual diagram illustrating a "trade-off" in metabolic
exchange. Engineered crops expend more energy to maintain the symbiotic system, so whether the yield will decrease is
unknown. It is necessary to ensure that the symbiotic efficiency is high enough to avoid affecting or even increase the
yield.

6. Challenges and Future Perspectives

Despite the exciting progress, the path to field deployment is fraught with challenges.

Energy Trade-offs and Yield Penalty: Nitrogen fixation and supporting microbial partners are energetically expensive.
The "carbon cost" of these processes must be balanced against the carbon allocated to growth and grain yield.
Engineered systems must be highly efficient to avoid a yield penalty.

Ecological Stability and Risk Assessment: The introduction of genetically engineered plants and microbes into
agricultural ecosystems requires rigorous risk assessment. Key concerns include the horizontal gene transfer of
engineered traits to wild microbes, the potential for engineered microbes to become invasive, and the long-term stability
of the engineered symbiosis under fluctuating field conditions.

Regulatory Hurdles and Public Acceptance: The regulatory pathway for plants and microbes with complex, engineered
symbiotic traits is currently unclear and will be a significant hurdle. Transparent communication and demonstrating
clear environmental benefits will be essential for public acceptance.

The Complexity of the Native Microbiome: The plant's native microbiome is a complex, competitive ecosystem.
Introducing engineered strains requires that they can effectively colonize and persist in the face of established microbial
communities.

The future of this field lies in interdisciplinary collaboration among plant molecular biologists, microbiologists,
synthetic biologists, ecologists, and agronomists. High-throughput phenotyping, single-cell genomics, and advanced
imaging techniques will provide deeper insights into the dynamics of these interactions. As our ability to design and
control biological systems grows, the vision of crops that sustainably co-produce their own fertilizer will move from the
realm of science fiction to agricultural reality, heralding a new, more sustainable Green Revolution.
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7. Conclusion

The dependency of modern agriculture on synthetic nitrogen and phosphorus fertilizers is a primary driver of
environmental degradation and a threat to long-term food security. The engineering of plant-microbe symbioses offers a
transformative solution by harnessing the power of natural partnerships. By dissecting the genetic blueprints of legume-
rhizobia and plant-mycorrhizal symbioses, we are now developing the tools to transfer these capabilities to staple cereal
crops. Strategies range from the ambitious goal of engineering genuine nodulation to the more immediate enhancement
of associative nitrogen fixation and phosphorus mobilization through synthetic microbial communities. While
significant challenges related to energy balance, ecological stability, and regulation remain, the rapid pace of innovation
in synthetic biology provides unprecedented optimism. The successful development and deployment of these next-
generation symbiotic systems will be a cornerstone of a resilient and sustainable agricultural future, fundamentally
altering our relationship with the core inputs that feed the world.
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