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Abstract 

Zinc is vital for plant functions such as, protein synthesis, enzyme activation and stress tolerance, yet 

nearly 50% of the world’s arable lands are zinc-deficient. This limitation reduces crop productivity and 

affects human nutrition especially in areas dependents on plant-based diets. Zinc solubilizing bacteria 

(ZnSB) offer an eco-friendly alternative to chemical fertilizers by converting insoluble zinc into 

bioavailable forms through organic acid secretion, chelation and siderophore production. These 

beneficial microbes also strengthen soil health by enhancing microbial diversity, soil structure, nutrient 

cycling and enzymatic activity. Field studies consistently shows that ZnSB inoculation improves crop 

growth, yield and grain zinc content while lowering dependence on chemical fertilizers. Although 

challenges such as storage stability, field variability and regulatory barriers remain. ZnSB based 

biofertilizers hold strong potential for sustainable nutrient management. Advancing formulation 

techniques, developing more resilient strains and integrating ZnSB with precision agriculture will 

further enhance their effectiveness. Overall, ZnSB represent a promising, eco-friendly approach to 

improving soil fertility boosting crop productivity and strengthening global food and nutritional 

security. 
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Introduction 

The global population has expanded rapidly over last few decades, placing unprecedented 

pressure on agricultural systems to supply adequate and nutritious food. Among the factors 

limiting crop productivity, micronutrient deficiencies have emerged as a serious constraint, 

particularly in regions where soils are inherently poor in essential trace elements. 

Micronutrients such as boron (B), copper (Cu), chlorine (Cl), iron (Fe), molybdenum (Mo), 

manganese (Mn) and zinc (Zn) are required in small quantities, yet they play indispensable 

roles in plant growth and physiological processes. However, their availability varies widely 

among soil types, crop species and cultivars, often resulting in nutrient imbalances and 

deficiencies (Ahmed et al., 2023) [3]. Among these micronutrients, zinc (Zn) is especially 

crucial due to its involvement in numerous biochemical and metabolic pathways. Zinc 

contributes to maintaining membrane integrity, mitigating oxidative stress and supporting 

root development and seed formation. More than 300 enzymatic reactions are zinc-

dependent, underscoring its central role in plant growth and development (Kumar et al., 

2019; Upadhayay et al., 2022) [27, 50]. Despite its importance, zinc deficiency is widespread. 

Nearly 50% of the world’s arable soils contain inadequate levels of plant-available zinc, 

posing a major threat to crop performance and nutritional value (Solanki, 2021)  [44]. Crops 

grown under zinc-deficient conditions commonly exhibit stunted growth, chlorosis, reduced 

leaf area and poor root development, along with heightened vulnerability to abiotic stresses 

(drought, heat) and biotic pressures (pests and diseases). The implications of zinc deficiency 

extend beyond crop productivity. Since zinc is an essential micronutrient for humans, 

deficiencies in food crops directly affect public health. Populations relying heavily on plant-

based diets are particularly susceptible to zinc malnutrition, which may lead to impaired 

immunity, growth retardation and cognitive decline (Khan et al., 2022) [24].
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 The agricultural importance of zinc is profound; inadequate 

zinc availability severely restricts crop productivity, 

diminishes grain quality and poses challenges to global food 

production systems. This highlights the urgency of 

implementing effective strategies to ensure adequate zinc 

levels in agricultural soils and food chains. The 

conventional approach for correcting zinc deficiency 

involves applying chemical fertilizers such as zinc sulphate. 

However, these inputs often suffer from poor solubility, low 

nutrient-use efficiency, leaching losses and ecological risks 

associated with long-term overuse. Consequently, their 

effectiveness is short-lived and repeated application can 

degrade soil quality, disrupt microbial communities and 

reduce long-term soil fertility (Hafeez et al., 2013) [12]. 

Given these limitations, researchers have increasingly 

focused on environmentally friendly and sustainable 

alternatives for enhancing zinc bioavailability. Among these 

approaches, zinc-solubilizing bacteria (ZSB) have emerged 

as a promising solution. These beneficial microorganisms 

convert insoluble forms of zinc into plant-available forms 

through a variety of biochemical mechanisms. By enhancing 

nutrient solubility, ZSB support nutrient uptake, improve 

soil fertility and strengthen plant-microbe interactions 

essential for healthy growth (Haroon et al., 2022) [13]. The 

utilization of ZSB aligns strongly with the principles of 

sustainable agriculture, which emphasize reducing chemical 

fertilizer dependency, preserving soil health and minimizing 

environmental impacts. By facilitating biological nutrient 

mobilization, ZSB help improve crop productivity while 

mitigating the negative consequences of synthetic fertilizer 

use, including soil degradation and pollution (Kushwaha et 

al., 2020) [28]. Beyond improving zinc availability, ZSB also 

enhance overall soil health by promoting beneficial 

microbial activity, improving soil structure and contributing 

to robust nutrient cycling. Their ability to bolster plant 

tolerance to both abiotic (drought, heat, salinity) and biotic 

(pathogens) stresses further highlights their value in resilient 

cropping systems (Rani et al., 2023) [37]. Considering their 

multifaceted benefits, this review examines the mechanisms 

of zinc solubilization by ZSB, their ecological functions 

within soil systems and their potential to serve as a 

sustainable, eco-friendly alternative to conventional zinc 

fertilizers capable of transforming modern agriculture.  

 

Zinc Solubilizing Bacteria: An Eco-Friendly Tool for 

Sustainable Agriculture  

Zinc solubilizing bacteria (ZnSB) have emerged as a 

promising biological alternative to chemical zinc fertilizers, 

particularly in soils where zinc remains unavailable due to 

its association with insoluble compounds. By converting 

these insoluble forms into plant-available Zn²⁺, ZnSB play a 

crucial role in improving zinc bioavailability, enhancing soil 

fertility and supporting sustainable crop production (Saboor 

et al., 2021) [38]. Numerous bacterial genera have been 

identified as efficient zinc solubilizers, significantly 

contributing to nutrient cycling, plant growth promotion and 

stress mitigation. The most widely studied ZnSB genera 

include Pseudomonas, Bacillus and Rhizobium, each known 

for its diverse metabolic capabilities. Other genera such as 

Acinetobacter, Azotobacter and Enterobacter have also 

demonstrated strong zinc-solubilizing potential (Nitu et al., 

2020; Singh et al., 2024) [32, 43]. Collectively, these 

microorganisms enhance soil biological activity, increase 

microbial diversity and contribute to overall soil health. 

Mechanisms of Zinc Solubilization by ZnSB 
Zinc solubilization by bacteria occurs through several 

biochemical pathways that convert insoluble zinc 

compounds into bioavailable forms. The major mechanisms 

include: Production of organic acids, Chelation and 

complexation of zinc ions and Siderophore production and 

release of secondary metabolites. These mechanisms are 

strongly influenced by environmental factors such as soil 

pH, temperature, moisture, organic matter content and 

microbial community composition. 

 

1. Production of Organic Acids 
The most widely recognized mechanism of zinc 

solubilization is the microbial production of organic acids. 

These acids reduce the pH of the surrounding environment, 

leading to the dissolution of insoluble zinc minerals (e.g., 

ZnO, Zn₃(PO₄)₂) into soluble Zn²⁺ ions that plants can 

absorb. ZNSB commonly produce citric acid, gluconic acid, 

lactic acid, acetic acid and oxalic acid, which either acidify 

the soil or form soluble complexes with zinc. Species 

belonging to Pseudomonas and Bacillus are known to 

produce significant quantities of these acids, making them 

highly effective zinc solubilizers. Through acidification and 

chelation, these bacteria enhance zinc mobility and increase 

its availability in the rhizosphere (Khalid et al., 2022; Yadav 

et al., 2023) [23, 57]. 

 

2. Chelation and Complexation of Zinc Ions 
Chelation is another important mechanism through which 

bacteria enhance zinc solubility. During this process, 

bacterial metabolites including organic acids, amino acids 

and other ligands bind to zinc ions to form soluble 

complexes. This prevents zinc from re-precipitating into 

insoluble forms and keeps it readily available for root 

uptake. Compounds like citric acid, oxalic acid, histidine 

and cysteine act as potent chelators, forming stable Zn 

ligand complexes that increase zinc mobility in the soil. 

Apart from enhancing zinc availability, amino acids 

contribute additional benefits by serving as carbon and 

nitrogen sources for plants (Bhatt and Maheshwari, 2020) [8]. 

 

3. Production of Siderophores and Other Microbial 

Metabolites 
Siderophores are low-molecular-weight compounds known 

primarily for their ability to chelate iron; however, many 

siderophores also bind zinc with considerable affinity. These 

compounds assist in mobilizing zinc from complex soil 

matrices and either facilitate its uptake by bacteria or render 

it accessible to plant roots (Nithyapriya et al., 2024) [31]. 

Besides siderophores, ZnSB produce secondary metabolites 

such as biosurfactants, which modify the surface properties 

of soil particles and enhance the release of zinc ions. The 

production of these metabolites is regulated by 

environmental factors including pH, temperature, soil 

texture and nutrient availability (Hussain et al., 2020) [14]. 

 

Impact of Zinc Solubilizing Bacteria on Soil Health 
Zinc solubilizing bacteria (ZnSB) have gained significant 

importance in sustainable agriculture due to their ability to 

convert insoluble inorganic zinc compounds into forms 

readily available to plants. Beyond enhancing zinc 

availability, these bacteria play an essential role in 

maintaining overall soil health. Their activities influence 

microbial diversity, soil enzymatic functions, soil structure, 
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 organic matter stabilization and the reclamation of zinc-

deficient soils, thereby contributing to long-term agricultural 

productivity and sustainability. 

The rhizosphere, an active zone surrounding plant roots is 

characterized by complex biological interactions involving 

plants, microorganisms and nutrients. Zinc solubilizing 

bacteria form a vital component of this environment where 

they interact with diverse microbial groups and influence 

soil ecological balance and biodiversity (Behera et al., 2024) 

[7].  

ZnSB engage in beneficial associations with plants by 

releasing acids and metabolites that solubilize zinc along 

with other essential macro- and micronutrients. In response, 

plant roots secrete various organic compounds such as 

sugars, amino acids and organic acids that act as substrates 

for these bacteria. These root exudates stimulate the 

microbial community and enhance the solubilization of 

nutrients like phosphorus, iron and zinc, ultimately 

supporting vigorous plant growth (Garcia and Kao-Kniffin, 

2018; Schmidt et al., 2018) [10, 40]. 

In the rhizosphere, ZnSB collaborate with nitrogen-fixing 

bacteria, phosphate-solubilizing microbes and mycorrhizal 

fungi to create an efficient nutrient acquisition system. For 

instance, certain Rhizobium species not only fix 

atmospheric nitrogen but also aid in zinc solubilization, 

supplying both elements to host plants. These synergistic 

processes enhance soil nutrient status and reduce reliance on 

chemical fertilizers (Khani et al., 2019; Mahmud et al., 

2020) [25, 30]. 

Many zinc solubilizing bacteria also function as biocontrol 

agents by suppressing harmful soil pathogens. They achieve 

this through the production of antimicrobial substances or 

by competing with pathogens for habitat and nutrients. For 

example, Pseudomonas spp. produce diverse secondary 

metabolites that inhibit pathogenic fungi and bacteria while 

improving zinc bioavailability for plants (Ambreetha and 

Balachandar, 2019) [4]. 

Soil enzymes are crucial for mediating nutrient cycling, 

organic matter decomposition and the transformation of 

complex organic molecules. The presence of zinc-

solubilizing bacteria enhances the activity of several key soil 

enzymes, including phosphatase, dehydrogenase, urease, 

protease, cellulase and amylase (Walitang et al., 2019) [54]. 

Increased enzyme activity improves soil fertility, accelerates 

nutrient mineralization and promotes better nutrient 

availability for plants, thereby strengthening overall soil 

functionality (Zlobin, 2021; Ali et al., 2023) [60, 3]. 

The physical structure of soil and the quantity of organic 

matter present are key indicators of soil fertility and long-

term productivity. Zinc-solubilizing bacteria (ZnSB) make a 

significant contribution to improving soil structure through 

their influence on organic matter decomposition and soil 

aggregation processes. These bacteria produce enzymes that 

break down complex organic residues into simpler forms, 

accelerating humus formation. The resulting increase in 

humus content enhances the soil’s ability to retain water and 

nutrients, supporting healthy plant growth over time. ZnSB 

also promote soil aggregation by synthesizing extracellular 

polysaccharides (EPS) and biofilms that help bind soil 

particles together. Stronger aggregation improves aeration 

and drainage two factors that determine the survival and 

activity of both plant roots and soil microorganisms. 

Adequate aeration ensures sufficient oxygen availability for 

root respiration, while improved drainage reduces the risk of 

waterlogging, root diseases and reduced microbial activity. 

Through enhanced organic matter turnover and aggregation, 

ZnSB help maintain an optimal balance between soil 

aeration and moisture retention, leading to healthier and 

more resilient soils (Jalal et al., 2022; Barreto et al., 2024) 

[20, 5]. 

 

Zinc Solubilizing Bacteria and Crop Productivity 
Zinc solubilizing bacteria have attracted growing attention 

as an eco-friendly and sustainable strategy to improve zinc 

availability in agricultural soils. By increasing the amount of 

plant-available zinc, these bacteria help enhance 

physiological functions such as enzyme activation, 

chlorophyll formation and protein synthesis. As a result, 

ZnSB inoculation consistently improves plant growth, crop 

yield and nutritional quality across a variety of crop species 

(Ofori et al., 2022; Obaid et al., 2022) [34, 33]. Field studies in 

India have reported substantial yield gains in wheat 

following inoculation with ZnSB strains such as 

Pseudomonas and Bacillus. Wheat plants treated with these 

bacteria showed a 20-30% increase in grain yield compared 

to controls. The improved zinc availability enhanced 

tillering, spike length and grain number spike-1, leading to 

higher overall productivity (Singh et al., 2022; Yadav et al., 

2023) [42, 57]. Similar findings were observed in rice grown in 

zinc deficient soils of Bangladesh, where ZnSB inoculation 

resulted in a 25% increase in grain yield. The bacterial 

strains effectively solubilized zinc, improving plant uptake 

and supporting better panicle development and grain filling 

(Islam et al., 2024) [18]. 

Zinc is an essential micronutrient for human health and 

biofortification is an important approach to addressing 

widespread zinc deficiency. In wheat, ZnSB inoculation has 

been shown to increase grain zinc content by 10-15%, 

alongside improvements in protein concentration and baking 

quality. Similarly, rice grains from ZnSB treated plants 

exhibited a 15-20% increase in zinc concentration, making 

them more nutritious and beneficial for populations in zinc 

deficient regions (Paramesh et al., 2020; Wani et al., 2022) 

[35, 15]. ZnSB application improves root and shoot biomass. 

In maize, inoculated plants demonstrated a 25% increase in 

shoot dry weight and a 30% increase in root biomass 

relative to untreated plants. Enhanced root systems improve 

nutrient absorption and stress tolerance, while greater shoot 

development supports higher photosynthetic rates and yield 

formation (Patel et al., 2024) [36]. ZnSB inoculation also 

benefits horticultural crops. Tomato plants inoculated with 

Pseudomonas strains showed a 15% increase in fruit yield 

and enhanced zinc content in fruits. In cucumber, 

inoculation resulted in a 20% improvement in fruit yield and 

enriched micronutrient levels. These enhancements 

contribute not only to yield but also to the nutritional value 

of harvested produce (Torrejón et al., 2023; Zhang et al., 

2023) [48, 59]. 

Beyond micronutrient enrichment, ZnSB can influence 

biochemical composition. For example, lentil crops treated 

with ZnSB exhibited a 10% increase in seed protein content 

and a 15% increase in zinc concentration. Additionally, 

vitamin content such as vitamin C in tomato fruits has been 

reported to improve in response to ZnSB inoculation, 

contributing to overall crop nutritional enhancement 

(Dhaliwal et al., 2021) [9]. 

Zinc solubilizing bacteria (ZnSB) have emerged as highly 

effective bioinoculants due to their ability to mobilize zinc 
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 and improve nutrient availability, thereby promoting 

sustainable plant growth. With the increasing demand for 

eco-friendly agricultural solutions, ZnSB based biofertilizers 

are gaining widespread attention as a feasible alternative to 

synthetic fertilizers. Their use can reduce dependency on 

chemical fertilizers, alleviate zinc deficiency in soils and 

contribute significantly to overall crop productivity 

(Srithaworn et al., 2023) [45]. 

 

Integration of ZnSB with Traditional Fertilizers 
Combining ZnSB biofertilizers with synthetic fertilizers 

enhances nutrient use efficiency by improving the 

solubilization and uptake of zinc and other micronutrients. 

This integrated approach not only supports vigorous plant 

growth but also reduces nutrient losses through leaching and 

volatilization (Khalid et al., 2022) [23]. 

Several studies indicate that using ZnSB in conjunction with 

reduced fertilizer doses can achieve yields comparable to or 

higher than full chemical fertilizer application. This strategy 

lowers production costs, minimizes environmental 

contamination and promotes more sustainable nutrient 

management (Hussain et al., 2019; Yadav et al., 2023) [15, 

57]. 

ZnSB biofertilizers help maintain a balanced nutrient supply 

by improving the bioavailability of zinc and other essential 

elements. When applied alongside nitrogen and phosphorus 

fertilizers, they ensure a more complete nutrient profile and 

promoting healthier crop growth (Singh et al., 2024) [43]. 

ZnSB can be integrated with other beneficial 

microorganisms such as nitrogen fixing bacteria and 

phosphate solubilizing bacteria to create multi functional 

bioinoculant formulations. These combinations enhance soil 

fertility, increase crop yield and strengthen ecological 

sustainability (Ahmad et al., 2021; Sarathambal et al., 2022; 

Mahmood et al., 2024) [1, 39, 29]. 

 

Future Perspectives and Conclusion 
Zinc solubilizing bacteria (ZnSB) offer a sustainable 

solution to zinc deficiency and declining soil fertility by 

enhancing zinc bioavailability through organic acid 

production, chelation and other biochemical mechanisms. 

Their ability to improve nutrient cycling, strengthen soil 

microbial diversity and reduce dependence on chemical 

fertilizers positions them as an important component of 

environmentally responsible agriculture. 

To fully realize their potential, future efforts must focus on 

developing stable, field-ready formulations through 

encapsulation technologies and co-inoculation with other 

beneficial microbes. Integrating ZnSB into precision 

nutrient management can further enhance zinc-use 

efficiency and reduce environmental losses. Advances in 

microbial genomics and metabolic engineering may enable 

the creation of more resilient strains suitable for diverse 

agro-ecosystems. 

Research should also explore the combined effects of ZnSB 

with organic amendments and sustainable farming practices 

to optimize soil fertility and crop productivity. Alongside 

scientific progress, supportive policies, farmer training and 

awareness programs will be essential to promote the 

widespread adoption of ZnSB based biofertilizers. Overall, 

ZnSB represent a promising, eco-friendly strategy for 

improving soil health, increasing zinc availability and 

strengthening the sustainability and resilience of agricultural 

systems. 

 
Table 1: Zinc solubilizing bacteria (ZnSB) and their effects on various crops (Sethi et al., 2025) [41] 

 

Crop Bacterial Strain(s) Observed Effect References 

Rice Burkholderia, Acinetobacter Improved zinc absorption by plants Vaid et al. (2014) [53] 

 
Enterobacter cloacae Enhanced zinc uptake efficiency 

Krithika et al. (2016) 

[26] 

 
Bacillus sp. Stimulated overall metabolic activity Zeb et al. (2018) [58] 

 
Bacillus aryabhattai 

Increased grain yield and plant 
performance 

Kour et al. (2019) 

 
Burkholderia cepacia Improved zinc assimilation and growth 

Upadhayay et al. (2022) 

[22] 

Wheat  
Pantoea dispersa, P. agglomerans, Pseudomonas fragi, Rhizobium sp., 

Enterobacter cloacae 

Enhanced zinc bioavailability in soil and 

plant 

Kamran et al. (2017) 

[21] 

 
Trichoderma harzianum, Bacillus amyloliquefaciens Promoted plant growth and vigor Singh et al. (2021) [9] 

 
Bacillus spp. Improved zinc biofortification in grains Yadav et al. (2022) 

 
Pantoea sp., Klebsiella sp., Brevibacterium sp., Acinetobacter sp., Alcaligenes 

sp. NCCP-650, Citrobacter sp., Exiguobacterium sp., Raoultella sp. 
Enhanced overall plant growth and 

nutrient uptake 
Ali et al. (2023) [3] 

Maize Bacillus sp. AZ6 Increased biomass production 
Hussain et al. (2015) 

[16] 

 
Bacillus aryabhattai ZM31, B. subtilis ZM63 Improved zinc uptake efficiency Mumtaz et al. (2020) 

 
Serratia sp. Enhanced plant physiological performance Jain et al. (2020) [19] 

 
Burkholderia cepacia, Acinetobacter baumannii 

Facilitated zinc acquisition and plant 

growth 

Upadhyay et al. (2021) 

[52] 

 
Acinetobacter calcoaceticus, Bacillus proteolyticus, Stenotrophomonas pavanii Promoted zinc solubilization and uptake Sultan et al. (2023) [46] 

Green 

gram 
Neisseria, Staphylococcus spp., Escherichia coli, Bacillus sp. Enhanced biomass accumulation Iqbal et al. (2010) [17] 

Chickpea Enterobacter sp. Improved grain nutritional quality Ullah et al. (2020) [49] 

 

Ochrobactrum intermedium, Paenibacillus polymyxa, Bacillus cereus, 

Stenotrophomonas maltophilia, Streptomyces, Arthrobacter globiformis 

Increased zinc solubilization and 

bioavailability 
Batool et al. (2021) [6] 

Soybean Streptomyces spp. Enhanced plant biomass and vigor 
Suriyachadkun et al. 

(2022) [47] 

Pigeonpea Pseudomonas plecoglossicida SRI-156, Brevibacterium antiquum SRI-158 Improved grain yield and plant growth 
Gopalakrishnan et al. 

(2016) [11] 

Lentil Rhizobium spp. RL9 
Enhanced biomass production and grain 

protein content 
Wani et al. (2008) [56] 
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