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Figure 1 Model of nitrogen assimilation and transport in indeterminate and determinate nodules. (a) The assimilation and transport processes of fixed
nitrogen in indeterminate nodules; (b) the assimilation and transport processes of fixed nitrogen in determinate nodules. Asp, aspartate; Asn, asparagine;
Glu, glutamate; Gln, glutamine; UA, uric acid; Aln, allantoin; Alc, allantoic acid; UPS1, ureide permease 1
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Figure 2 Engineering strategies for symbiotic nitrogen fixation in non-
legumes plants
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Biological nitrogen fixation is a major natural source of reactive nitrogen in terrestrial ecosystems, and legume-rhizobia
symbiotic nitrogen fixation represents the most productive and well-characterized system. Efficient symbiotic nitrogen
fixation is not defined by a single trait, but by the coordinated performance of host-microbe recognition, rhizobial
infection, nodule organogenesis, bacteroid differentiation, nitrogenase activity, nutrient exchange, and host utilization of
fixed nitrogen. This review summarizes recent progress in the molecular and cellular mechanisms that establish and
maintain efficient legume—rhizobia symbiosis, and discusses how these principles may inform the engineering of nitrogen-
fixing traits in non—legume crops. We first describe bidirectional symbiotic signaling, including rhizobial perception of
plant flavonoids, biosynthesis of Nod factors (NFs), recognition of NFs by LysM (lysin motif) receptor-like kinases,
nuclear calcium spiking, and activation of downstream transcriptional regulators required for infection thread formation
and nodule primordium initiation. We then highlight developmental and infection-related modules that shape nodule
formation and bacterial accommodation, including the SHR—SCR (shortroot—scarecrow) module, VPY (vapyrin), LIN
(lumpy infections), EXO70H4 (exocyst complex component 70H4), RPG (rhizobium-directed polar growth), FLOT4
(flotillin 4), NPL (nodulation pectate lyase), SYFO2 (symbiotic formin 2), and NCR (nodule-specific cysteine-rich)
peptides. Particular emphasis is placed on the metabolic basis of efficient nitrogen fixation. Indeterminate nodules
primarily assimilate fixed nitrogen through the GS/GOGAT (glutamine synthetase/glutamate synthase) cycle and export
amides, mainly glutamine and asparagine synthesized by AS (asparagine synthetase), whereas determinate nodules
predominantly produce and transport ureides, including allantoin and allantoic acid, through pathways involving UPS
(ureide permease). These contrasting nitrogen assimilation and transport strategies reflect evolutionary and physiological
diversification and provide potential templates for crop engineering. We further examine amino acid transport, carbon
supply through dicarboxylates, and the homeostasis of essential mineral nutrients, including iron, molybdenum, copper,
zinc, magnesium, and sulfur, which collectively sustain nitrogenase assembly, redox balance, oxygen homeostasis, and
nodule metabolism. Finally, we review progress and challenges in extending SNF to non—legumes, particularly cereals.
Although non—legumes retain elements of the CSSP (common symbiotic signaling pathway), they lack the integrated
recognition, infection, organogenesis, and nutrient—exchange modules required for stable nitrogen-fixing symbiosis.
Current strategies include reconstructing plant symbiotic programs, introducing nodule-like developmental modules,
optimizing diazotrophic microorganisms, improving nitrogenase oxygen tolerance, and enhancing host—microbe
compatibility through immune modulation and synthetic microbial consortia. Integration of single-cell and spatial
omics, genome editing, synthetic biology, microbial engineering, and field-level evaluation will be essential for developing
robust artificial nitrogen—fixing systems that reduce fertilizer inputs and support sustainable agriculture.

symbiotic nitrogen fixation, nitrogen assimilation, nutrient exchange, non-legume plants, crop nitrogen fixation
engineering
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