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ABSTRACT
Mangrove ecosystems are productive coastal habitats found in tropical and subtropical areas. They play an important role in regulating the global climate and protecting coastlines. As vital blue carbon ecosystems, mangroves grow along the coastlines of about 124 countries. They provide essential services such as shoreline stabilization, carbon sequestration, nutrient cycling, and biodiversity conservation. These ecosystems are exposed to harsh environmental conditions, including high salinity, tidal flooding, and changing oxygen levels. Despite these challenges, mangrove plants thrive through a complex interplay with different microbial communities, principally halotolerant bacteria. This review explores the global distribution of mangroves and the diversity and functions of the bacterial communities that help to keep these ecosystems healthy. Halotolerant bacteria contribute significantly to nutrient cycling, soil fertility enhancement, and plant growth promotion. They also enable plants to cope with salinity stress through various mechanisms such as producing phytohormones, regulating osmotic pressure, and controlling stress-responsive gene regulation. These plant-microbe interactions not only help mangroves stay resilient but also hold promise for use in biosaline agriculture, environmental management, and biotechnology, aiding in the sustainable conservation of saline and coastal ecosystem.
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1. Introduction

Mangroves are typically described as tidally influenced swampy areas found along the coast of tropical and subtropical regions, which are home to the majority of the world's carbon-dense ecosystems (Donato et al., 2011; Palit et al., 2022). Apart from offering protection to the coastal lines, mangroves help to mitigate climate change, provide habitat for macro and micro flora and fauna, improve water quality, preserve cultural heritage, and thus supporting the community livelihood (Catherine et al., 2023). Due to the tidal action, high evaporation rates and biological activity, mangrove soils are often categorised under salt-affected or saline soils. Soil salinity is one of the most detrimental environmental stress factors, adversely impacting crop production and affecting millions of hectares globally, resulting in considerable economic losses each year. Currently, almost 62 million hectares, or about 20% of irrigated land, face high salinity levels. It is projected that by 2050, over 50% of cultivable land will be affected by salinisation (Khan et al., 2021; Sarkar et al., 2025; Singh, 2021). Saline mangrove ecosystems are known to harbour a diverse and dynamic microbial community, especially salt-tolerant microbes, including halophilic and halotolerant bacteria (Thatoi et al., 2020). Utilizing the potential of these halotolerant bacteria for cultivating crops in saline affected soils presents a promising solution in light of shrinking arable land and rising global food demand, especially if crops can tolerate mild to moderate salinity stress (Xiaoqin et al., 2021; Madhupreethi et al., 2023). This paper reviews the extent of mangrove cover globally and discusses its interaction with the halotolerant bacteria. It highlights the ecosystem services of mangroves, regional differences in their soils, the diversity of associated microbial communities, and the physiological and molecular mechanisms by which bacteria tolerate salinity and support plants under salt.
2. Area and distribution of mangrove ecosystem  
[bookmark: bb10]Mangrove forests are considered the world’s most productive coastline ecosystems (Sreelekshmi et al., 2021). Globally, these mangroves are covered along the coastlines of 124 tropical and subtropical countries, as well as some warm temperate coastlines resting approximately between 30°N and 30°S latitude (Bunting et al., 2018). Globally, they cover approximately an area of 150,000-1,60,000 km2 in which the largest mangrove forest areas are found in Malaysia, India, Bangladesh, Brazil, Venezuela, Nigeria and Senegal (FAO, 2023; Giri et al., 2011). In the Global Forest Resources Assessment (FRA, 2020), the Food and Agriculture Organization (FAO) has examined the mangrove coverage worldwide and reported that mangrove forests cover an area of 14.72 Mha across 113 countries, with South and Southeast Asia being the dominant, accounting for 5.33 Mha of global mangrove cover, followed by South America with 2.12 Mha, Western and Central Africa with about 2.30 Mha, North and Central America with 2.55 Mha, and Oceania with 1.26 Mha. Despite their ecological benefits, such as carbon storage, coastal protection, and support for biodiversity, global mangrove areas have decreased in recent decades. FAO reported an estimated loss of about 1.04 million hectares between 1990 and 2020.
In India, mangrove cover is estimated at approximately 4,991.68 sq. km, accounting for about 0.15% of the country’s total geographical area (Forest Survey of India [FSI], 2025). This reflects a slight decline of about 7.43 km² since the 2021 assessment. The distribution of mangrove cover varies significantly across Indian states and union territories. According to forest survey of India, West Bengal dominates with the highest coverage of mangrove forest accounting up to 42.45% followed by Gujarat 23.32%, Andaman and Nicobar Island 12.19%, Andhra Pradesh 8.44%, Maharashtra 6.31%, Odisha 5.19%, Tamil Nadu 0.84%, Goa 0.63%, Karnataka 0.28%, Kerala 0.19%, Daman and Diu 0.08%, Puducherry 0.08% (FSI, 2023). Total area under mangrove coverage in India is given in Fig.1.

Fig.1. Total mangrove coverage in India during 2023 (km2). (Forest Survey of India [FSI], 2023)
3. Services provided by the mangrove ecosystem
Mangroves are present in the intertidal zones of coastal tropical and subtropical regions of the world. The characteristic anaerobic conditions of mangrove soils decrease carbon degradation levels and trigger biogeochemical processes that favour consistent long-term carbon sequestration, nutrient cycling, contaminant immobilisation, and other soil functions (Atwood et al., 2017; Kauffman, 2020). They have tolerance to salinity from freshwater to hypersaline exceeding 100 parts per thousand (Saintilan et al., 2014). 
Mangroves are essential for coastal protection. They reduce wave energy and lessen the impacts of storms and tsunamis (Teh et al., 2009). They protect human communities from flooding and strong winds. They also provide nursery habitats for young coral reef fish and many other species (Nagelkerken et al., 2000). Some of the mangroves, such as Rhizophora, create complex habitats that improve ecological interactions, offering shelter for prey species while also supporting predatory fish. These forests serve as important carbon sinks by storing carbon in living plants, fallen leaves, dead wood, and sediments carried from inland areas. As sea levels rise, mangrove sediments can build up vertically, allowing for ongoing carbon storage over time (McLeod et al., 2011). Besides storing carbon, mangroves also act as nutrient sinks. Denitrification in low-oxygen conditions and nitrogen-fixing bacteria found in mangrove soils and aerial roots help improve water quality, especially in areas with wastewater (Pelegri and Twilley, 1998). Mangrove forests are believed to absorb up to four times more carbon dioxide than many land plants, potentially sequestering as much as 25.5 million tons of carbon each year (Palit et al., 2022). Additionally, it can also act as platforms for recreation and ecotourism as demonstrated in Kerala state (Sinclair et al., 2018). 
However, the global loss of mangroves due to the human population growth, urban development, aquaculture, agricultural changes, and excessive logging, etc. (Teh et al., 2009) matters as mangroves provide a number of services and benefits to nature and people as mentioned above.
4. Variations in mangrove soils across different regions
Mangrove soils can vary in their ecosystem based on the environmental conditions, such as nutrient availability, soil particle size, texture, moisture, and soil fertility (Dewiyanti et al., 2021).  The soil texture can vary greatly, from loose sandy soils to thick, heavy clay (Yu et al., 2020). This textural diversity further affects water characteristics, including its composition and quality, along with salinity patterns and the ecosystem’s ability to filter and remove pollutants (Risanti & Marfai, 2020). 
4.1. Physical and chemical properties:
Mangrove forests that are having important role in coastal ecosystems have its structure and composition which vary based on local to global scales (Hossain and Nuruddin, 2016). They are rich in biomass, which is highly dynamic in nature in the biosphere. Distinctive ecological conditions of mangroves variate it from other ecosystems (Pupin and Nahas, 2013). Mangrove soil is characterised by fine texture with waterlogging capacity that helps in collecting the distant organic matter from terrigenous origins (Maiti and Chowdhury, 2013). There is an interrelationship between the mangrove vegetation and soil characteristics where the litter produced by plants, organic detritus deposition and species age of plants will enhance the soil profile (Dewiyanti et al., 2021). 
Mangrove soils vary in structure and texture from upland soils as they are waterlogged, saline to brackish and often acidic or alkaline. They are rich in organic matter; however, they exhibit a strong regional variation due to their geomorphology, hydrology, climate, tidal regime, and sediment supply (Hossain and Nuruddin, 2016). Distribution of species varies with texture, loam, clay loam, sandy loam, and sandy clay loam support higher species diversity, while silty clay soils show limited species richness (Dasgupta et al., 2018).
Soils of mangrove are typically fine-textured due to the deposition of estuarine and tidal sediments (Dasgupta et al., 2018). The Sundarbans of West Bengal comprises soils with loam to clay loam in texture, favouring the establishment of mangroves (Dasgupta et al., 2018). Here, the bulk density increases with depth, while organic carbon decreases, suggesting more compact structured soils deeper down that influence the species distribution and diversity. (Dasgupta et al., 2018; Mitra et al., 2012).
The Rufiji Delta of Tanzania holds mangrove soils dominated by silt ~67.7%, with average clay ~16.5% and sand ~15.8%. (Dai et al., 2022). In North East Brazil, soils range from sandy (>70%) to finer textures (33–64%), showing spatial differentiation within mangrove forests. (Pérez-Alberti, 2023). Riau and East Lampung of Indonesia had clay soils, while Cilacap had sandy clay loam, and Bali had loam soils, demonstrating clear regional differences even within the same country (Munandar et al., 2011). In India, Kerala mangroves have moderately textured soil with an acidic pH of 5-6. However, the rhizospheric and non-rhizospheric areas differs which shows variation in the organic carbon content that finally influences the soil nutrient levels as well as the vegetation (Sreelekshmi et al., 2023). These studies collectively reported that mangrove soil texture varies widely from sandy to clayey, driven by riverine sediment input, tidal energy, and local geomorphic conditions.
5. Mangrove-associated microbial communities and their role in ecological balance
The flora and fauna residing in mangrove forests are collectively referred toas “Mangal” (MacNae, 1969). These mangrove soils act as a medium for several microorganisms that are tolerant to salinity (Praseetha and Rajini, 2015). Among the diverse microflora, bacteria and fungi are significantly dominant, contributing about 91%, followed by algae (7%) and protozoa (2%) (Thatoi et al., 2013). These microbial communities are crucial for biogeochemical cycling. They supply essential nutrients to plants and animals, helping maintain overall ecosystem function and stability (Holguin et al., 2001; Ananda and Sridhar 2004).
Bacterial diversity of the mangrove ecosystem depends on the soil and type vegetation (Rocha et al., 2016). Wide range of bacterial genera and functional groups in mangrove soils and aerial roots. These include manganese-reducing, sulfate-reducing, nitrogen-fixing, and iron-reducing bacteria (Alongi, 2005). Common bacterial genera include Pseudomonas, Flavobacterium, Azotobacter, Staphylococcus, Enterobacter, Micrococcus, Acinetobacter, Bacillus, Klebsiella, and Escherichia coli (Ogbonna, 2011). Mangrove roots and fallen propagules also host diverse fungal communities (Sarma and Hyde, 2001), many of which are specific to their hosts. Some dominant fungal species found in mangrove soils are Verruculina enalia, Eutypa bathurstensis, Antennospora quadricornuta, Dactylospora haliotrepha, Halocyphina villosa, Lophiostoma mangrovei, Kallichroma tethys, Halosarpheia marina, Lulworthia grandispora, Halorosellinia oceanica, Leptosphaeria australiensis, Rhizophila marina, and Savoryella longispora (Sarma and Hyde, 2001). 
They participate in the decomposition and mineralization of elements and modify soil architecture in the mangroves. Mineralization of phosphate and sulfate, degradation of organic matter, and nitrogen fixation are key soil enrichment processes carried out by microbes (Jǿrgensen et al., 2019). Mangrove microbes such as Rhodococcus are also capable of degrading hydrocarbons and heavy metals (Li et al., 2019; Mitra et al., 2025). The extensive litterfall, which includes leaves, twigs, and other plant debris, starts detritus-based nutrient cycling. This material undergoes leaching and microbial breakdown, which helps recycle nutrients efficiently within the ecosystem (Saifullah et al., 2016).
Thus, mangrove ecosystems offer multi-dimensional benefits, from carbon sequestration and coastal protection to supporting biodiversity and livelihoods. The microbial communities residing within these mangrove habitats play a role in nutrient cycling, soil formation, and ecosystem resilience.
5.1. Halotolerant bacteria in mangrove ecosystem and their functions
Halotolerant bacteria are the salt-tolerant bacteria found in natural ecosystems, and they often develop a mutual symbiotic relationship with autochthonous plants, significantly contributing to the stress tolerance ability of the host. Halotolerant bacteria can survive in the absence of sodium chloride and even in media containing a wide range of sodium chloride up to 25% or even more in some extreme halophiles (Echigo et al., 2005; Oren, 2011; Ventosa et al., 2008). The saline environment of the mangrove ecosystem harbours a variety of halotolerant and halophilic bacteria (Thatoi et al., 2020). The genetic diversity in these plant-associated bacterial communities aids in plant adaptation to local conditions (Rodriguez and Redman, 2008). Using halotolerant microorganisms to support crop growth under saline stress is a promising alternative strategy for boosting plant salt tolerance (Kumar et al., 2019). Empirically, bacteria that live in soil have been shown to improve plant growth and yield in saline conditions (Forni et al., 2017). Many halotolerant bacterial species have been isolated from halophytic plants, including Brachybacterium saurashtrense, Brevibacterium epidermidis, Salinibacter ruber, Micrococcus yunnanensis, Brevibacillus borstelensis, Pseudoalteromonas ruthenica, Bacillus aryabhattai, Halomonas sinaensis, Mesorhizobium alhagi, Haloferula luteola, Staphylococcus xylosus, and Pseudomonas maricaloris (Alishahi et al., 2020; Mukhtar et al., 2020). The most common genera include Halomonas, Streptomyces, Oceanobacillus, Bacillus, Marinococcus and Pseudomonas (Blandón et al., 2022). Halophytic plants that host these bacteria include Sarcocornia utahensis, Salicornia brachiata, Allenrolfea occidentalis, Salicornia rubra, Rosa rugosa, Halocnemum strobilaceum, Salsola stocksii, Sesuvium portulacastrum, Atriplex amnicola, Salicornia bigelovii, and Avicennia marina (Etesami and Beattie, 2018). These halophytes grow in various environments, including highly alkaline, saline, and salt-affected soils (Mukhtar et al., 2020). Halotolerant nitrogen-fixing bacteria also improve soil fertility and crop productivity (Hingole and Pathak, 2016). For example, Bacillus subtilis Daz 26, found in the rhizosphere of Artemisia annua, is known to fix atmospheric nitrogen (Aswathi et al., 2011).
 Apart from improving soil properties, many halotolerant microbes aid organic matter degradation under saline conditions. Cortes-Tolalpa et al. (2018) demonstrated that microbial consortium extracted from soils of Chiermonnikoog Island, with a sodium concentration of 3541 ± 170 to 5188 ± 624 mg dm−3could efficiently degrade lignocellulose under saline conditions. Heavy metal accumulation in soil due to agricultural malpractices is another growing concern worldwide (Mitra et al., 2025). Halotolerant bacteria are also known to remove heavy metals through bioremediation and help in maintaining soil health (Pande et al., 2022). The unique physiology of these halotolerant bacteria, viz., shared mechanism of deionization, secretion of EPS in noxious environments, and activation of stress-responsive genes, help them survive in heavy metal-contaminated soils (Veluchamy et al., 2024; Diba et al., 2021). For instance, Pseudomonas putida can withstand 15% salinity while effectively tolerating and removing copper, mercury, nickel, and cadmium (Orji et al., 2021). Halotolerant bacteria also have a role in pathogen suppression. Serratia marcescens BTR1.0 have inhibited the mycelial growth of Pythium aphanidermatum in tomato plants (Karunasinghe et al., 2020).
6. Physiological adaptations of bacteria to withstand salinity stress
 Halotolerant bacteria undergo certain intracellular and exocellular adaptations to survive in saline environments (Jacob, 2012). One key adaptation is changing the makeup of their cell membranes. They modify membrane proteins, glucans, fatty acids, acyl chains, and polysaccharides. This helps control the entry of excess salts (Paul and Lade, 2014). They also maintain ionic balance by controlling the concentration of ions inside the cell. This is done through Na⁺/H⁺ antiporters that remove sodium from the cell or through K⁺/Na⁺ transport systems. This method is often called the “salt-in-cytoplasm” strategy for balancing osmotic pressure (Whatmore et al., 1990). Additionally, these bacteria create and store compatible solutes through internal pathways (Kunte, 2006) and boost the production of essential amino acids (Shahzad et al., 2017). They have an effective antioxidant defense system that neutralizes reactive oxygen species (ROS) generated during salt stress. The release of exopolysaccharides (EPS) supports biofilm formation. This acts as a protective layer that limits high salt concentrations from entering the cells (Chen et al., 2009). Other adaptations include changes to proteins and enzymes that help the bacteria tolerate higher ionic conditions, improved cellular energy capacity, and increased EPS production to strengthen biofilm growth (Sandhya et al., 2010). At the genomic and proteomic levels, halotolerant bacteria may show unique traits, such as higher guanine-cytosine (GC) content. Their proteomes are marked by lower hydrophobicity, reduced helix-forming tendencies, and a greater tendency for coil structures (Jacob, 2012).  
Moreover, halotolerant bacteria regulate a wide range of stress-responsive genes that help them endure extreme abiotic conditions such as salinity, pH shifts, temperature changes and drought. These include genes involved in compatible solute biosynthesis, osmoprotectant transport systems, stress protein regulation, ion transport, and antioxidant defences. Transcriptomic and qRT-PCR analyses have been widely used to study the changes related to gene expression under various stress conditions (Li et al., 2024; Srivastava et al., 2022).
Table 1. Bacterial gene expression studies under saline stress conditions.
	Bacterial Species/strain
	Stress condition
	Gene/Pathways with altered expression
	Salient findings
	References 

	Chromohalobacter salexigens ANJ207
	Salinity stress 
	Compatible solutes (glycine betaine biosynthesis and uptake), osmotic stress proteins (OsmC), catalase, and stress proteolysis genes.
	 Indication of multiple salt adaptation pathways through differential regulation and upregulation of genes for compatible solute biosynthesis and stress response. 
	(Srivastava et al., 2022)

	Bacillus subtilis ACP81
	Salinity stress
	Osmotic substance production (betB, gbsB), flagellar assembly genes, sugar metabolism (malL, celB, celC).
	Under salt stress enhancement of expression of osmolyte and sugar metabolism genes suggests adaptive metabolic shifts. 
	(Li et al., 2024)

	Bacillus safensis PM22
	Salt stress
	Stress tolerance genes. 
	Under salinity stress, upregulation of stress tolerance genes and increased physiological resilience in plants inoculated with PM22.
	(Azeem et al., 2022)

	Klebsiella sp. D5A
	Salinity adaptation
	Glycine betaine, trehalose biosynthesis, osmoregulation receptors, transporters.
	Genome-level evidence shows structural genes for compatible solutes and pH homeostasis under stress.
	(Geraldi et al., 2025)

	Halotolerant rhizobacteria (e.g., Arthrobacter, Bacillus, Microbacterium)
	salinity stress (soybean model)
	Upregulated GmST1 (salt tolerance) and IAA regulation genes (GmLAX3).
	Gene expression changes correlated with improved plant stress tolerance via microbial inoculation under salinity.
	(Khan et al., 2019)

	Halotolerant PGPB in Capsicum annuum
	Salinity stress
	Osmolyte production & stress-associated gene modulation. 
	Halotolerant bacteria influenced expression of host stress genes linked to osmotic balance and ROS scavenging. 
	(Yasin et al., 2018)

	Halotolerant bacteria isolated from halophilic environments
	Salinity stress 
	Modulation of numerous plant stress response genes (e.g., MYB, WRKY, HSF, LOX2).
	Differential gene expression in host plant regulated by bacterial inoculation under high salinity.
	(Caamal-Chan et al., 2023)

	Halotolerant microbial gene isolation (Lunsu, India)
	Salt tolerance gene identification
	Salt tolerance genes cloned from halophiles
	Demonstrated isolation of salt tolerance gene from halotolerant strain.
	(Gupta et al., 2020)

	Bacillus subtilis
	Salinity stress (150-200 mM NaCl), Wheat
	Stress-responsive genes, tasA (biofilm matrix), and the epsA-O operon, extracellular polymeric substances (EPS).
	Extracellular polymeric substances (EPS) are stimulated by high salinity (200 mM NaCl), according to studies on salt-tolerant bioformulations, such as Bacillus species. By binding Na+ and Cl-ions, this EPS creates a biofilm matrix that mitigates salt stress.

	(Thakur & Yadav, 2024)

	Bacillus tequilensis (Halotolerant strain)
	Salinity stress (100mM NaCl), Chickpea
	EPS biosynthesis genes, biofilm regulatory genes, and antioxidant-related pathways.
	Bacillus tequilensis could form biofilm at different salinity levels. As the salt level increases, more biofilm is formed at a 100 mM concentration of NaCl, which improves root colonisation and increases plant antioxidant activity.
	(Haroon et al., 2023)

	Halomonas elongata
	Salt stress (10-15% NaCl))
	Transport systems for osmoprotectants and the ectoine biosynthesis pathway (ectABC).
	Accumulation of compatible solutes promotes bacterial survival and reduces plant stress.
	(Oren, 2011)



7. Molecular level bacterial interactions to combat salinity stress in plants
Halotolerant bacteria regulate plant genes to reduce salinity stress in plants; primarily through ion transport and homeostasis (Bhattacharyya and Lee, 2017). Shoot AVP1, SOS1, HKT1, and CPD were up-regulated while shoot ERF and NHX1 were down-regulated in Arabidopsis thaliana upon inoculation with Alcaligenes faecalis JBCS1294. All of these genes encode for transporters (AVP1, SOS1, HKT1, NHX1), an ethylene-responsive factor (ERF), and a cytochrome P450 enzyme (CPD) involved in brassinosterol biosynthesis involved in improving salt tolerance (Bhattacharyya and Lee, 2017). Similarly, Bacillus fortis SSB21 increased the expression of CAPIP2, CaKR1, CaOSM1, and CAChi2 in Capsicum annuum, which encode plasma membrane intrinsic proteins (PIPs) that are involved in transporting small neutral solutes and water across cell membranes during stress conditions (Yasin et al., 2018). Azospirillum lipoferum FK1 stimulated the expression of antioxidant- and defence-related genes such as CAT, APX, SOD, PAL, PPO, CHS, CHI, DREB2A, and IFS in Cicer arietinum L. (chickpea) and therefore enhanced its ability to respond to salt stress (El-Esawi et al., 2019).
The treatment of Solanum lycopersicum cv. RioGrande with Bacillus megaterium A12 resulted in the up-regulation of Trxf, Trxm2, and Trxm1/2 (genes related to redox regulation) and the down-regulation of PsbA, PBGD, and LERBOH1. Treatment with Bacillus megaterium A12 also resulted in the positive regulation of genes involved in stress responses, such as SOS1 and APX1. The genes mentioned above are linked to photosynthesis (PsbA, PBGD), redox regulation (Trxf, Trxm2, Trxm1/2), and stress responses (SOS1, APX1, LERBOH1) (Akram et al., 2019).
Upon inoculation with Arthrobacter woluwensis, Arthrobacter aurescens, Bacillus megaterium, Microbacterium oxydans and Bacillus aryabhattai of the soybean cultivar Pungsannamul, GmST1 and GmLAX3 were up-regulated, both of which are salt-responsive genes involved in ABA signalling and ROS detoxification, respectively (Khan et al., 2019b).
Correspondingly, Glutamicibacter sp. YD01 is among the most significant microbes used to upregulate OsNHX1, OsHKT1, OsPOX1, OsFeSOD, OsGR2, OsDREB2A, and OsWRKY11 in rice (Oryza sativa). The study demonstrated that this regulatory adjustment is due to a fascination with the way these genes encode ion transporters, transcription factors, and antioxidant enzymes. The enigmatic response of the plant to ethylene and salt stress reflecting the hypothesis of the connection between microbial activity and plant survival (Ji et al., 2020). In maize (Zea mays), Enterobacter cloacae PM23 used numerous biological elements to promote the upregulation of APX and SOD-related genes. This interaction synthesized an enhanced antioxidant defense system under salinity stress, providing a smooth protection for the plant’s internal surfaces. Numerous genetic expressions give the defense system shape, outlining areas where the plant responds to salt and its biochemistry changes to resist stress (Ali et al., 2022b).
Additionally, inoculation with Bacillus tequilensis UPMRB9 and Bacillus aryabhattai UPMRE6 resulted in the upregulation of thirteen proteins and the downregulation of five proteins in rice. The expression consists of eight upregulated and two downregulated proteins that contribute to the glowing efficiency of the photosynthetic process. This biological portrait also contains a sense of depth, as the linked proteins are angled toward enhanced salt tolerance within the plant’s well-structured systems (Chompa et al., 2024).
Overall, halotolerant plant growth-promoting bacteria imply the modulation of plant gene expression related to ion transport, antioxidant defense, and redox regulation. The process uses hormone signalling and photosynthesis to indicate plant resilience and a reasonable amount of protection against salinity stress. By occupying the most prominent biological space, these bacteria ensure the positioning of the plant remains balanced, making the entire system less attractive to the negative effects of stress due to the details of their genetic intervention.
8. Conclusion
Mangrove ecosystems serve as vital natural habitats harbouring diverse halotolerant bacteria that play a crucial role in maintaining ecological balance, enhancing soil fertility, and supporting plant resilience under saline conditions. These salt-tolerant bacteria not only contribute to essential biogeochemical processes like nitrogen fixation, organic matter decomposition, and heavy metal detoxification but also improve plant growth through physiological and molecular mechanisms that mitigate salinity stress. Halotolerant bacteria survive severe environmental conditions through the coordinated regulation of specialized stress-responsive genes. Stress-responsive genes involved in compatible solute biosynthesis, osmotic balance maintenance and preventing cellular dehydration under high salinity and drought stress, rapidly sense the changes in the environment and activate protective pathways like antioxidant genes encoding catalase, superoxide dismutase and peroxidases, which mitigate oxidative damage caused by stress. pH-responsive genes help in maintaining the cytoplasmic pH stability through proton transport and buffering mechanisms. In addition, genes regulating biofilm formation enhance community-level resistance to harsh abiotic factors. Their symbiotic association with mangrove vegetation underscores their ecological and agricultural significance, offering a sustainable solution for reclaiming saline soils and enhancing crop productivity in the face of global climate change. Thus, conserving mangrove ecosystems and exploring their microbial diversity provides a promising pathway toward ecological restoration and sustainable biosaline agriculture. This review aims to depict the distribution of mangroves, its soil properties, associated microbial communities, their physiological adaptations and molecular interactions to combat soil salinity, which would help researchers to develop an idea about the mangrove-associated halotolerant bacteria. Future research can concentrate on developing a deeper understanding of the mechanisms involved.
9. Future prospects
Halotolerant bacteria from mangrove ecosystems hold immense potential for advancing sustainable agriculture and environmental management. Comprehensive multi-omics studies should be undertaken to explore novel salt-tolerant microbial strains and understand their adaptive mechanisms at the molecular level, and also advanced techniques such as CRISPR-based gene editing can help in validating the functional roles of specific stress-responsive genes. Systems biology approaches study how the regulatory pathways govern the cross-tolerance to salinity, drought, temperature, and pH. Exploration of stress-inducible promoters may enable us in the development of engineered microbial strains for industrial and agricultural applications.  These findings can aid in developing next-generation biofertilizers and biostimulants tailored for saline and degraded soils. Integrating halotolerant bacterial inoculants into biosaline agriculture can enhance crop productivity, nutrient uptake, and stress tolerance in salt-affected regions. Moreover, these bacteria can be exploited for large-scale bioremediation of heavy metals and pollutants, contributing to soil and water quality restoration. Future work should also focus on field-level validation of halotolerant bacterial consortia, formulation optimisation, and policy frameworks promoting their commercial use. Strengthening mangrove conservation programs alongside microbial bioprospecting will ensure ecological sustainability while unlocking the vast biotechnological potential of these unique microorganisms for global food security and climate resilience.
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