


Harnessing salt-tolerant plant microbiomes and SynComs for resilient agriculture under salinity stress
Abstract
Soil salinization is one of the most pressing global challenges to agriculture, currently affecting more than one billion hectares of land and threatening food security. Salinity imposes osmotic, ionic, and oxidative stress, reducing plant growth and yield. Traditional strategies such as breeding, genetic engineering, and agronomic management have provided limited success due to the complex, multigenic, and environment-dependent nature of salt tolerance. In recent years, plant-associated microbiomes particularly salt-tolerant plant growth-promoting rhizobacteria (PGPR) and rationally designed synthetic microbial communities (SynComs) have emerged as sustainable and ecologically sound solutions. These microbiomes enhance salinity resilience by improving osmotic adjustment, regulating Na⁺/K⁺ homeostasis, enhancing antioxidant defenses, modulating phytohormone signaling, and conditioning the rhizosphere through exopolysaccharide secretion. Advances in metagenomics, multi-omics integration, and microbial engineering have enabled the design of SynComs tailored to diverse crops and environments. This review synthesizes current knowledge on microbiome-mediated salinity tolerance, explores strategies for SynCom development, highlights the role of host genetics and microbiome-assisted breeding, and addresses field translation challenges. Future perspectives include leveraging artificial intelligence, nanotechnology-based delivery systems, halophyte-informed microbiomes, and a holobiont-centered framework to realize resilient and sustainable saline agriculture.
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Soil salinity is a major abiotic constraint threatening agricultural productivity and ecosystem stability worldwide (Shrivastava & Kumar, 2014). More than one billion hectares of land, including nearly 20% of irrigated farmland, are already affected, and the area is expected to expand further due to climate change, sea-level rise, and unsustainable irrigation practices (Indu et al., 2021;  Chand et al., 2022; Atta et al., 2023). In staple crops such as rice, wheat, maize, and soybean, salinity stress leads to osmotic imbalance, ion toxicity, nutrient deficiencies, and overproduction of reactive oxygen species (ROS). These effects collectively impair photosynthesis, growth, and reproduction, often resulting in yield losses exceeding 30–50% under severe conditions (Dadrwal et al., 2022a;   Seeda et al., 2022; Saleem et al., 2025). 
Conventional strategies to mitigate salinity stress including breeding, genetic engineering, and agronomic management have contributed important advances but remain limited in their impact (Osei-Wusu et al., 2025). Breeding efforts are constrained by the multigenic nature of salt tolerance and strong genotype × environment interactions, making stable improvement difficult (Afzal et al., 2022). Genetic engineering approaches, such as overexpressing ion transporters or osmolyte biosynthesis genes, have shown promise in controlled conditions but face challenges of field performance, ecological risks, and regulatory acceptance (Balasubramaniam et al., 2023). Agronomic interventions, such as gypsum application or improved irrigation practices, provide site-specific relief but are often costly and unsustainable in the long term (Singh et al., 2021).
In this context, plant-associated microbiomes have emerged as powerful biological allies in enhancing salinity resilience (Wankhade et al., 2025). Rhizosphere and endophytic microbes, including halophyte-derived taxa, promote plant adaptation to salinity through multiple mechanisms: production of osmoprotectants (proline, trehalose), regulation of Na⁺ exclusion and K⁺ uptake, induction of antioxidant enzymes, modulation of stress-related phytohormones (IAA, ABA, cytokinins, and ethylene via ACC deaminase), and secretion of exopolysaccharides that immobilize salts and improve soil aggregation (Dadrwal et al., 2022b;   Kumawat et al., 2023).
While many studies have focused on single plant growth-promoting rhizobacteria (PGPR) strains, field-scale resilience often requires synthetic microbial communities (SynComs) rationally designed consortia that combine complementary functions to improve consistency and robustness (Marín et al., 2021). These communities not only integrate diverse plant-beneficial traits but also enhance ecological stability and adaptability across variable soil and climatic conditions (Montoya et al., 2025). Furthermore, host plant genetics play a central role in shaping microbiome assembly, opening new opportunities for microbiome-assisted breeding (MAB) strategies to develop crops that consistently recruit beneficial microbes (Sahoo et al., 2025).
Despite these promising insights, significant gaps remain in translating microbiome-based solutions from greenhouse trials to large-scale field applications (Fadiji et al., 2024). Key challenges include microbial survival in saline soils, competition with native microbiota, formulation and delivery systems, scalability of inoculant production, and biosafety considerations (Hernández-García et al., 2025). Addressing these barriers requires integrative approaches that combine microbiology, plant physiology, genomics, nanotechnology, and computational modeling to design scalable, predictable, and farmer-friendly solutions (Sinha et al., 2025; Clagnan et al., 2024).
This review aims to provide a comprehensive synthesis of advances in salt-tolerant plant microbiomes and SynComs as innovative strategies for resilient saline agriculture. We first discuss the mechanistic basis of microbiome-mediated salinity tolerance, then explore principles and applications of SynCom design, integration with host genetics and breeding, challenges in field translation, and future opportunities involving artificial intelligence, nanotechnology, and halophyte-informed microbiomes. Together, these insights highlight the potential of microbiome-based approaches to transform saline agriculture from reactive stress management toward proactive resilience building.
2. Synthetic Microbial Communities (SynComs) for Enhancing Plant Salinity Resilience
Synthetic microbial communities (SynComs) represent a promising frontier in sustainable crop management by combining microbial taxa with complementary traits to support plant performance under salinity stress. Their design relies on principles of functional complementarity, ecological compatibility, and field applicability, while their application encompasses multiple mechanisms such as ion homeostasis, osmotic regulation, antioxidant defense, phytohormonal modulation, and rhizosphere conditioning. Emerging approaches including host genotype-informed consortia, minimal function-driven communities, and computationally guided predictive models—are advancing SynCom development toward precision, reproducibility, and large-scale agricultural use (Verma et al., 2024).
2.1 Design Principles of SynComs for Salinity Resilience
Traditional plant growth-promoting rhizobacteria (PGPR) studies often emphasize single strains, but their effects decline under complex field conditions due to soil heterogeneity, microbial competition, and fluctuating abiotic stresses (Maciel-Rodríguez et al., 2025). Synthetic microbial communities (SynComs) overcome these limitations by assembling consortia of microbial taxa with complementary and redundant functions, thereby ensuring robustness and adaptability (Backer et al., 2018; De Andrade et al., 2023).
The design of SynComs is guided by three major principles:
i. Functional Complementarity and Redundancy
· Member strains are chosen for diverse beneficial traits: osmolyte production (e.g. proline, trehalose), ion homeostasis (Na⁺ exclusion, K⁺ uptake), ROS scavenging, ACC deaminase activity, EPS secretion, and phytohormone regulation (auxins, ABA, cytokinins) (Mishra et al., 2021).
· Redundant functional capacity ensures community resilience; if one strain fails under stress, others can compensate (Tirry et al., 2021).
ii. Ecological Compatibility
· Keystone or hub taxa with strong colonization ability and high network stability are prioritized (Amit & Bashan, 2023).
· Strains from core or seed-associated microbiomes are often more reliable, as they naturally co-occur with the host (Rawstern et al., 2023).
· Pre-screening through pairwise or small-community interaction assays helps identify synergistic behavior (e.g. biofilm formation) while avoiding antagonism.
iii. Field Relevance and Scalability
· Selected microbes must tolerate salinity, pH extremes, temperature variation, and native microbial competition (Mirsalami & Mirsalami, 2025).
· Practical considerations include growth on scalable media, trait stability across generations, absence of harmful genes (e.g. antibiotic resistance), and compatibility with delivery systems such as seed coatings, soil amendments, or root dips (Atasoy et al., 2023).
· Formulation design (e.g. encapsulation, biochar carriers) is increasingly integrated into early stages of SynCom development to enhance persistence and manufacturability (Mirsalami & Mirsalami, 2025).
2.2 Applications of SynComs in Crop Salinity Stress Tolerance
Salinity stress imposes osmotic imbalance, ion toxicity, nutrient disruption, and oxidative injury, which collectively impair plant growth and productivity. Synthetic microbial communities (SynComs) mitigate these effects through a multi-layered network of mechanisms that operate at molecular, physiological, and ecological scales (Ullah et al., 2025; Acharya et al., 2024).
Key Mechanisms of SynCom Action
i. Ion Homeostasis
· SynComs enhance Na⁺ exclusion and K⁺ retention by stimulating host ion transporters such as SOS1 and HKT1, ensuring metabolic stability and enzyme activity. Studies using a desert-derived SynCom on tomato under saline stress documented enhanced expression of salt-stress genes and modified ion accumulation (Amin et al., 2020).
· Balanced Na⁺/K⁺ ratios in leaves and roots help sustain photosynthesis and growth under high salinity (Zhang et al., 2017).
ii. Osmotic Adjustment
· SynCom members may induce osmolyte accumulation (e.g. proline, glycine betaine, trehalose, soluble sugars) in host plants (Mishra et al., 2021).
· These compounds stabilize proteins and membranes, maintain cell turgor, and reduce osmotic stress (Singh et al., 2022).
iii. Antioxidant Defense
· Under salinity, ROS overaccumulation damages lipids, proteins, and DNA. SynComs may upregulate antioxidant enzymes such as superoxide dismutase (SOD), catalase (CAT), and peroxidases (POD) in the host (Hasanuzzaman et al., 2021).
· Inoculated plants often show reduced malondialdehyde (MDA) or H₂O₂ levels, indicating mitigation of lipid peroxidation (AbdElgawad et al., 2016).
iv. Phytohormonal Modulation
· SynComs reshape plant hormonal balance by producing indole-3-acetic acid (IAA), modulating abscisic acid (ABA) signaling, and reducing ethylene via ACC deaminase activity (Sharma et al., 2025).
· This regulation improves root growth, stomatal conductance, and water-use efficiency, enhancing overall stress resilience (Poudel et al., 2021).
v. Rhizosphere Conditioning
· Exopolysaccharide (EPS)-producing SynCom members enhance soil aggregation, retain water, and immobilize Na⁺ ions (Morcillo & Manzanera, 2021).
· These modifications create a buffered microenvironment, reducing salt toxicity and improving root–soil interactions (Li et al., 2025).
2.3 Emerging Approaches for SynCom Development
Although traditional SynCom design relies on trait-based assembly of compatible strains, new strategies are reshaping the field toward precision, predictability, and scalability (Shayanthan et al., 2022; Jacoby et al., 2017).
i. Host Genotype–Informed SynComs
· Plant genotypes release distinct root exudates that determine microbial recruitment; tailoring SynComs to cultivar-specific exudation profiles or integrating microbiome-associated loci (via GWAS or QTL) can improve colonization fidelity and phenotypic consistency (Rodríguez et al., 2025).
ii. Minimal and Function-Driven SynComs
· Rather than maximizing taxonomic diversity, minimal SynComs include a few strains that deliver essential functions (ACC deamination, osmolyte production, antioxidant induction, ion regulation) (Tariq et al., 2025). Such simplified consortia reduce inter-strain competition, improve reproducibility, and allow clearer mechanistic insights (Brito-Lopez et al., 2025).
iii. Computational and Predictive Design
· Multi-omics datasets (metagenomics, metabolomics, transcriptomics) are increasingly integrated with ecological network models and computational tools to predict microbial compatibility, identify keystone taxa, and forecast SynCom performance under varying salinity regimes (Wang et al., 2025).
· These predictive models shift SynCom development from trial-and-error toward more systematic, data-driven pipelines (Wu et al., 2024).















Table 1. Representative SynCom / multi-strain consortium applications in crops under salinity stress
	No.
	Crop (scientific name)
	SynCom / consortium composition (representative members)
	Salinity level (NaCl or EC)
	Observed outcomes
	Reference

	1
	Tomato (Solanum lycopersicum)
	“Jizan SynCom” (defined, multi-member community derived from desert agriculture soils)
	Up to ~200 mM NaCl (lab/greenhouse)
	Improved growth under salt stress; buffered Na⁺/K⁺ balance; enhanced antioxidant responses
	Schmitz et al., 2022

	2
	Rice (Oryza sativa)
	Mangrove endophyte consortium candidates (e.g., AK164, AK171; Enterobacteriaceae + Bacillus spp.)
	100 mM NaCl (seedling assays)
	Enhanced biomass, photosynthesis, antioxidant activity; reduced Na⁺ accumulation
	Alghamdy et al., 2024

	3
	Wheat (Triticum aestivum)
	Multi-strain PGPR consortia (UA-3, UA-46, SN5, SN15, BK-30, DG-34)
	EC 5.8, 12.1, 17.5 dS m⁻¹ (pots/axenic + soil)
	Increased shoot/root growth; higher yield (up to 56% at high EC); improved chlorophyll and membrane stability; better K⁺/Na⁺ ratio
	Khan et al., 2022

	4
	Maize (Zea mays)
	Multi-strain consortia (Burkholderia phytofirmans, Bacillus subtilis, Enterobacter aerogenes, Pseudomonas syringae/fluorescens)
	Salt-affected field conditions
	Enhanced photosynthesis (11–50%), relative water content (10–34%), and grain yield (13–21%)
	Afzal et al., 2023

	5
	Chickpea (Cicer arietinum)
	(i) Nocardiopsis alba + Sinorhizobium meliloti + Bacillus safensis; (ii) Chryseobacterium indologenes + Stenotrophomonas maltophilia
	Salinity stress (in-planta; ~100 mM NaCl equivalent)
	Mitigated electrolyte leakage; increased chlorophyll; reduced oxidative stress; up-regulated antioxidant/transporter genes; improved yield
	Sathya et al., 2024




	
3. Integration of Microbiomes with Plant Breeding and Genetics
Microbial inoculants show considerable promise in enhancing salinity tolerance, but their performance is strongly influenced by the host plant’s genetic background (Kimotho & Maina, 2023). Plants do not passively host microbes; rather, they actively shape microbiome assembly through root exudates, immune signaling, and tissue-specific traits (Abdelfadil et al., 2024). Recognizing this interplay has led to the concept of microbiome-assisted breeding (MAB), where host genetics and beneficial microbes are integrated to create stable, predictable plant–microbe partnerships (Pistelli et al., 2023).
3.1 Host Genetic Control of Microbiome Assembly
Plant root exudates comprising sugars, amino acids, organic acids, and secondary metabolites act as molecular filters that regulate microbial colonization (Ansari et al., 2023). Genotypic variation in exudation patterns explains why salt-tolerant cultivars often recruit microbial taxa such as Bacillus or Actinobacteria that enhance Na⁺ sequestration, ROS scavenging, and osmotic balance (Yang et al., 2025). In addition, plant immune pathways also influence microbial community structure (Krzyżanowska et al., 2023). Salinity stress alters pattern recognition receptor (PRR)-mediated immunity, which in turn shapes microbiome composition (Seitz et al., 2024). Recent QTL and GWAS studies have identified loci linked to microbial recruitment, including those controlling root architecture and transporter activity. These findings establish host genetics as a key determinant of microbiome assembly (Chen & Liu, 2024).
3.2 Microbiome-Assisted Breeding (MAB)
MAB integrates microbial recruitment capacity into breeding pipelines. This approach includes:
· Screening germplasm for natural variation in the ability to recruit beneficial salt-tolerant microbes (Singh et al., 2025).
· Mapping loci associated with microbiome traits (e.g., exudate chemistry, transporter activity) through QTL or GWAS studies (Ullah et al., 2025).
· Integrating microbial traits into selection pipelines, shifting the breeding focus from plant performance alone to holobiont performance (host + microbiome) (Stupar et al., 2024).
MAB thus represents a paradigm shift, enabling crops that consistently establish beneficial microbial partnerships under saline conditions (Negi et al., 2025).
3.3 Harnessing Halophyte-Derived Microbiomes
Halophytes plants naturally adapted to saline environments harbor unique microbial consortia enriched in traits such as Na⁺ exclusion, osmolyte biosynthesis, and ROS detoxification (Székely & Barta, 2025). Introducing these halophyte-associated microbes into crops has enhanced salinity tolerance in rice, wheat, and tomato (Lombardi et al., 2022). Breeding programs can integrate halophyte-derived microbiomes by selecting cultivars predisposed to host such taxa, or by using wild relatives as donors of microbiome-compatibility traits (Kearl et al., 2019). This strategy expands the functional diversity available for crop improvement (Mann et al., 2023).
3.4 Genetic Engineering and Synthetic Biology Approaches
Beyond classical breeding, genetic engineering can fine-tune plant–microbiome interactions. CRISPR/Cas-mediated modification of root exudate pathways (e.g., malate transporters, flavonoid biosynthesis genes) may enhance recruitment of beneficial microbes under salinity (Kocaoglan et al., 2023). On the microbial side, synthetic biology enables the design of engineered SynComs with traits such as enhanced ACC deaminase activity, osmoprotectant production, or ion transporter functions (Shayanthan et al., 2022). A future direction involves co-engineering plants and microbes for instance, developing cultivars that preferentially release metabolites to sustain engineered microbial partners thereby ensuring stable colonization and mutual benefit (Hayakawa et al., 2024).
4. Field Translation and Challenges
The application of salt-tolerant microbiomes and synthetic microbial communities (SynComs) in open-field agriculture remains challenging due to environmental variability, microbial competition, and limitations in formulation and scalability (Ali et al., 2024). Field soils differ widely in salinity intensity, texture, organic matter, and ion-exchange capacity, all of which influence inoculant survival and performance (Simarmata et al., 2025). Furthermore, salinity itself fluctuates with rainfall, irrigation practices, and groundwater dynamics, leading to inconsistent colonization and variable outcomes in crop performance (Otlewska et al., 2020). In addition, introduced SynComs often face strong competition from indigenous microbial communities, resulting in reduced persistence and efficacy over time (Fadiji et al., 2024b). Strategies such as using keystone taxa with high colonization potential, protective carriers like biochar or alginate encapsulation, and pre-adapting strains to fluctuating salt regimes have shown potential to improve field survival and function (Yadav & Ramakrishna, 2025).
Beyond ecological challenges, practical barriers such as inoculant formulation, large-scale production, and biosafety regulation limit widespread adoption (Herrmann & Lesueur, 2013). Conventional carriers (peat, talc) often lose effectiveness under saline and alkaline conditions, whereas novel formulations including polymer-encapsulation and nano-encapsulation improve microbial stability and controlled release (Giri et al., 2025). However, scale-up requires stringent quality control to maintain viability, genetic stability, and composition of SynComs. Biosafety concerns, particularly horizontal gene transfer and unintended ecological impacts, call for harmonized international regulations to ensure safe deployment (Ghorui et al., 2025). Socio-economic factors further constrain adoption, with farmers in developing regions facing limited awareness, high costs, and prevalence of counterfeit products (Herrmann & Lesueur, 2013). Addressing these barriers through participatory field trials, policy support, and locally tailored low-cost formulations will be essential to move SynComs from proof-of-concept to reliable field-ready solutions (Mitter et al., 2021).
5. Future Perspectives
The rapidly expanding knowledge of plant–microbiome interactions underscore the potential of SynComs as a cornerstone of saline agriculture. However, moving from proof-of-concept to widespread adoption requires innovations that enhance predictability, durability, and scalability. One emerging direction is microbiome priming, where early exposure of seedlings to beneficial microbes induces lasting tolerance through physiological and epigenetic reprogramming. Such priming activates salt-responsive gene networks and stress memory, enabling plants to perform better across developmental stages and even subsequent generations. Scalable seed-coating technologies could facilitate field-level application of this approach.
Another promising avenue is the integration of computational modelling and multi-omics datasets to guide SynCom design. Predictive frameworks combining genomic, metabolomic, and soil physicochemical data can identify keystone taxa, optimize strain combinations, and forecast field performance under variable salinity regimes. In parallel, nanotechnology-enabled formulations including nano-encapsulation and biodegradable carriers offer novel ways to protect microbes from osmotic stress, improve colonization efficiency, and enable controlled release in the rhizosphere. Although still in early stages, such technologies could significantly improve the reliability of SynCom inoculants in challenging environments.
Finally, halophyte-derived microbiomes provide a valuable reservoir of salt-adapted functions. Comparative studies between halophytes and glycophytes can uncover conserved microbial traits that confer resilience, which can be transferred into crop-compatible SynComs. Future strategies may increasingly adopt a holobiont perspective, treating plants and their microbiomes as co-evolved units. This shift will promote breeding programs and management practices that integrate microbial partnerships as essential components of crop resilience. Collectively, these innovations hold the potential to transform microbiome applications from reactive stress mitigation into proactive resilience building for sustainable agriculture under salinity stress.
6. Conclusions
Salinity stress remains one of the most serious constraints on global agriculture, reducing yields and threatening food security in salt-affected regions. While conventional breeding, genetic engineering, and agronomic practices have achieved limited progress due to the complex and environment-dependent nature of salt tolerance, plant-associated microbiomes particularly salt-tolerant PGPR and synthetic microbial communities (SynComs) offer promising, ecologically sustainable solutions. By orchestrating multiple tolerance pathways, including ion regulation, osmotic adjustment, antioxidant protection, phytohormonal modulation, and rhizosphere restructuring, SynComs provide robust and integrated stress mitigation. However, successful field translation will depend on overcoming challenges related to environmental variability, competition with native microbiota, inoculant formulation, large-scale production, and regulatory acceptance. Looking ahead, strategies such as microbiome-assisted breeding, halophyte-informed SynComs, predictive data-driven design, nanotechnology-enabled delivery, and a holobiont-centered perspective can bridge these gaps. If supported by rigorous field validation, standardized biosafety frameworks, and strong farmer engagement, microbiome-based approaches have the potential to become a cornerstone of resilient and sustainable saline agriculture.
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