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Introduction 

Zinc (Zn) is an essential micronutrient in plants, functioning as a 

catalytic, structural and regulatory cofactor in over 300 enzymatic 

processes. These enzymes govern vital physiological pathways, 

including carbohydrate metabolism, protein biosynthesis and 

nucleic acid regulation. Beyond its metabolic roles, Zn is 

indispensable for chlorophyll synthesis and efficient photosynthesis, 

crucial processes driving vegetative growth. Additionally, Zn 

regulates the biosynthesis of auxins such as indole-3-acetic acid 

(IAA), which are pivotal for root development, cell division and 

overall plant architecture. Deficiency in Zn manifests as chlorosis, 

stunted growth and distorted leaf morphology, particularly in early 

crop stages, ultimately reducing yield potential, especially in 

sensitive cereals like rice (1). 

Despite its critical role, Zn deficiency remains a widespread 

agricultural challenge globally and is especially pronounced in India. 

National soil health surveys indicate that 45–50 % of Indian arable 

lands are deficient in available Zn (2). Several factors contribute to 

this problem, including intensive cropping systems that deplete 

micronutrient reserves, excessive reliance on Nitrogen, Phosphorus  

and Potassium (NPK) fertilisation and declining soil organic matter. 

The problem is exacerbated in specific soil types, acidic, red and 

lateritic soils prevalent in eastern and southern India, which are 

inherently prone to micronutrient leaching, nutrient fixation and low 

Zn bioavailability (3). In South and Southeast Asia, for instance, 

flooded rice systems dominate and the anaerobic conditions 

common in such environments drastically alter microbial dynamics 

and nutrient availability. Studies in Bangladesh and Vietnam (4) 

demonstrate that zinc-solubilising bacteria (ZSB) performance is 

constrained under reduced oxygen conditions, necessitating the 
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Abstract  

Zinc (Zn) deficiency in soils poses a serious threat to global food and nutritional security, especially in developing countries where unsustainable 
farming, like imbalanced fertiliser use, nutrient mining and organic matter loss, is widespread. In India, surveys of over 242000 soil samples across 

615 districts reveal widespread micronutrient deficiencies: 51.2 % for Zn, 58.6 % for sulfur (S) and 44.7 % for boron (B). Common combined 

deficiencies such as Zn + S (9.3 %), Zn + B (8.7 %) and Zn + iron (Fe) (5.8 %) vary spatially across agro-ecological zones. These findings highlight the 
urgent need for site-specific integrated nutrient management tailored to diverse soils and crops. Conventional Zn biofortification methods using 

ZnSO₄ or Zn-chelates have shown benefits but face limitations including high costs, poor adoption and reduced efficacy in acidic soils prevalent in 

eastern India. Alternatively, microbiological biofortification with Zn-solubilising bacteria (ZSB) offers a sustainable, low-cost solution. ZSB 

transform insoluble Zn into plant-available forms through mechanisms like chelation, organic acids and siderophore production, enhancing Zn 
uptake, grain quality and yield. This approach supports sustainable agriculture by improving nutrient use efficiency, reducing chemical inputs and 

promoting soil microbial health. In acid soils of Odisha, deploying effective ZSB strains offers a promising route to improve soil fertility and combat 

hidden hunger by boosting micronutrient content in crops. This review synthesises current understanding of ZSB-mediated Zn mobilisation and 

their application in sustainable Zn biofortification of rice-based systems, particularly in Zn-deficient regions and highlights key research priorities 
for translating laboratory insights into reliable field-scale outcomes. 
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selection of facultative anaerobic strains capable of functioning in 

waterlogged soils. In contrast, in aerobic upland rice systems, such 

as those practised in Sub-Saharan Africa and some parts of South 

India, aerobic ZSB strains show better colonisation, survival and 

solubilisation efficacy (6). 

 Moreover, ZSB performance is strongly influenced by soil pH 

and mineralogy. In alkaline calcareous soils, such as those prevalent 

in the Mediterranean, Middle East and parts of northern India and 

China, carbonate-bound Zn is poorly soluble. ZSB isolated from 

these regions often demonstrate high efficiency in secreting gluconic 

acid, oxalic acid and siderophores to mobilise Zn (6). In contrast, ZSB 

from acidic lateritic soils such as those in tropical Africa, Brazil, or 

eastern India must be adapted to low organic matter content and 

high leaching potential, emphasising the importance of strain-

specific adaptation (7). Notably, few studies have explicitly 

contrasted ZSB performance in flooded vs. aerobic rice systems or 

acidic vs. alkaline soils using the same microbial strains. Such 

comparative studies are essential for developing core vs. niche-

specific ZSB inoculants. Furthermore, international field trials using 

meta-analytical frameworks could offer valuable insights into effect 

sizes and the context-dependency of ZSB efficacy under diverse 

farming systems. Additionally, the climatic regime plays a critical 

role. In temperate climates like parts of Europe or North America, 

microbial activity is subject to seasonal dormancy. The ZSB 

consortia in such regions require cold-tolerant traits and may benefit 

from encapsulation or carrier-based formulations to ensure 

persistence during off-seasons (8). 

 Odisha exemplifies this crisis, with over 70 % of its cultivable 

area dominated by acidic soils. Districts such as Rayagada, Koraput 

and Kandhamal face acute Zn deficiencies due to chemical fixation 

and soil pH-dependent reactions that render Zn unavailable, even 

when total Zn content appears adequate. Compounding the issue is 

the inefficiency of conventional Zn fertilisation: studies estimate that 

96–99 % of applied Zn rapidly becomes unavailable to plants due to 

adsorption, precipitation, or complexation reactions (9). 

Consequently, traditional Zn supplementation strategies have often 

failed to address plant demand sustainably. Recent research 

highlights the promise of ZSB as biofertilizers capable of 

transforming insoluble Zn compounds into plant-available forms. 

These beneficial rhizospheric microbes employ mechanisms such as 

proton extrusion, organic acid secretion, siderophore production 

and redox transformations to mobilise Zn. Additionally, ZSB 

contribute to plant growth promotion through the synthesis of 

phytohormones, antimicrobial metabolites, siderophores and 

extracellular enzymes, enhancing nutrient uptake and stress 

resilience (10). Field applications of effective ZSB strains have 

demonstrated substantial improvements in crop biomass and yield 

under Zn-limiting conditions across cereals like rice, wheat and 

maize. 

 However, despite growing interest, critical knowledge gaps 

remain. There is limited region-specific data on the biodiversity, 

adaptability and solubilization potential of native ZSB strains, 

particularly in acidic, Zn-stressed soils of Odisha. Understanding the 

ecological interactions between indigenous microbial communities 

and introduced ZSB inoculants is essential for developing 

contextually appropriate biofertilizers. Moreover, research must 

focus on integrated nutrient management (INM) frameworks, 

combining microbial inoculants with organic amendments and 

optimised mineral fertilisation, validated through large-scale field 

trials. This review summarises current knowledge on the role of Zn in 

crop physiology, the causes of Zn deficiency in Indian soils with 

emphasis on Odisha and the potential of ZSB as sustainable 

alternatives to conventional Zn fertilisers. It examines soil and 

agronomic factors influencing Zn deficiency, microbial mechanisms 

of Zn solubilization and research gaps in plant–microbe interactions 

and integrated nutrient management. The review also highlights 

priorities for developing eco-friendly Zn biofortification strategies to 

boost crop yield, soil health and nutritional security. 

Zinc deficiency in soils for sustainable farming 

Soil types susceptible to Zinc deficiency  

Zinc  has emerged as the fourth most critical yield-limiting nutrient 

in Indian agriculture. The incidence of Zn deficiency in Indian soils 

is projected to rise significantly to approximately 63 % by 2025 (Fig. 

1). Despite India having the largest area under groundnut 

cultivation globally, it continues to lag behind China in total 

production, primarily due to lower productivity levels. While 

rainfed cultivation systems contribute to this yield gap, inadequate 

mineral nutrition, especially Zn, plays a decisive role. Among all 

nutrients, Zn deficiency alone can lead to yield reductions of up to 

40 % in groundnut, underscoring its essential role in enhancing 

productivity (11). There are different types of soil in Odisha, which 

are a big reason why Zn deficiency is different in different parts of 

the state. Lateritic, red and acidic soils are the most affected by Zn 

deficiency. These types of soil are common in the southern and 

western districts.  

 Odishas’ lateritic soils have been weathered a lot, have low 
nutrient levels, high levels of iron and aluminium oxide and not 

enough organic matter. These traits make Zn stick to things and 

hold on to them better, which makes it harder for crops to get to 

(12). Red soils, prevalent in tropical and subtropical regions, are 

typically acidic, possess a low cation exchange capacity (CEC) and 

exhibit poor retention of micronutrients. Acidic soils impede Zn 

availability for plants, as Zn ions tend to form insoluble 

compounds or adhere to soil particles, hence reducing their 

mobility and uptake by plant roots (13). Intense precipitation and 

leaching frequently exacerbate the acidity of these soils, hence 

diminishing the availability of Zn. Additionally, these soils typically 

exhibit low organic carbon content, complicating Zn uptake by 

plants. Low organic carbon reduces the formation of soluble 

organic-Zn complexes, which normally enhance Zn mobility and 

plant availability. 

Zinc deficiency in Odisha  

Extensive soil micronutrient assessments have revealed that Zn 

deficiency is not uniformly distributed; rather, it is concentrated in 

specific areas of Odisha (Fig. 2). The Soil Testing Laboratory of the 

Government of Odisha identified Rayagada, Koraput, Kandhamal, 

Keonjhar, Mayurbhanj and Malkangiri as regions with deficient Zn 

levels. Rayagada and Koraput districts have a significant deficiency 

of Zn, with more than 60–70 % of soil samples displaying DTPA-

extractable Zn concentrations below 0.6 mg kg-1, the threshold 

requisite for rice cultivation (14-16). The soils in Koraput and 

Kandhamal, located in the tribal-dominated hill regions, contain 

significant amounts of iron and aluminium oxides that effectively 

retain Zn. This is made worse by the fact that there isn’t much 

organic matter and high-phosphate fertilisers are often used, 

which makes Zn less available. The red, acidic soils of Keonjhar and 

Mayurbhanj districts also make it hard for crops to get Zn, which 
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Fig. 1. Zinc deficiency throughout different states of India.  

Source : ArcGIS, version 10.2.2.3552. 

Fig. 2. Zinc deficiency throughout different districts of Odisha.  

Source : ArcGIS, version 10.2.2.3552. 
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hurts their yields. These areas with low Zn levels often have lower 

crop yields and poor crop health indicators like chlorosis and 

stunted growth. This shows how important it is to have specific Zn 

management plans in place right away (Table 1). 

Influence of soil physical and chemical properties on zinc 

availability 

Soil chemical properties, especially pH, organic matter content 

and nutrient interactions, strongly influence Zn availability in soils. 

Zinc solubility is very dependent on soil pH. In acidic soils (pH < 

5.5), Zn is usually more soluble, but it can stick to iron and 

aluminium oxides, making it less available to plants (17, 18). In 

alkaline soils, on the other hand, Zn forms insoluble hydroxides 

and carbonates, which plants can't use. Odishas’ acidic soils are a 

difficult problem because Zn ions tend to get stuck in the soil 

instead of staying in the solution.  

 Organic matter is important for Zn nutrition in two ways. It 

makes the soil better by making it hold more water and improving 

its structure. It also helps with Zn chelation by making soluble 

organo-metal complexes that make Zn more mobile and available 

to plants (19, 20). But the low levels of organic matter in Odishas’ 

Zn-deficient soils make this good effect less strong. The 

incorporation of organic amendments such as compost and green 

manure can improve Zn availability by increasing soil organic 

carbon and enhancing microbial activity. 

Phosphorus–zinc interactions in soil systems  

In several regions of Odisha, the excessive application of phosphate 

fertiliser is prevalent to enhance agricultural production. This may 

exacerbate Zn insufficiency. Phosphate ions interact with water-

soluble Zn to form water-insoluble Zn phosphate complexes. This 

complicates Zn absorption by plants, despite adequate Zn availability 

in the soil (21, 22). To maintain optimal levels of P and Zn in the soil for 

superior crop nutrition, the antagonistic interaction necessitates 

meticulous management of fertilisers. 

Performance of zinc-solubilising bacteria in aerobic and 

flooded rice systems 

The redox state of the soil, which differs greatly between flooded 

(anaerobic) and aerobic rice cultivation systems, is a major 

determinant of ZSB inoculant efficiency. Comparative research 

shows that applying the same microbial strains under various water 

regimes results in differences in crop response and Zn solubilisation. 

Using the Pseudomonas fluorescens strain in both flooded and 

aerobic rice systems, research was carried out on a comparative field 

experiment in Bangladesh (23). Due to improved root oxygenation 

and microbial respiration, Zn uptake rose by 29.7 % in aerobic fields 

while only 14.3 % in flooded fields. Similar trends were seen in grain 

yield improvements, which increased by 7.2 % in flooding and         

14.1 % in aerobic conditions. Bacillus megaterium produced fewer 

siderophores and organic acids in flooded paddy soils than in 

aerobic soils, resulting in decreased Zn availability and uptake (24). 

This decrease was about 30 %. According to the study, ZSB activity is 

decreased in submerged conditions by oxygen limitation and 

modified rhizospheric pH buffering. Azospirillum sp. strain Zn-14 was 

tested under two irrigation schedules (25). Under aerobic conditions, 

the Zn content of grains rose by 11.6 %, while under flooded 

conditions, it increased by 6.8 %. In aerobic systems, soil enzymatic 

activities (phosphatase, dehydrogenase) were also noticeably 

higher, indicating a positive microbiome-host relationship. These 

studies highlight ZSBs’ superior performance under aerobic rice, 

which is mostly attributable to improved nutrient diffusion, stable 

root zone pH and increased microbial respiration. Nonetheless, 

facultative anaerobic strain selection or formulation techniques such 

as biofilm-based inoculants may still be used to maximise 

performance in flooded rice.  

Soil pH-dependent performance of zinc-solubilising bacteria in 

acidic and alkaline environments 

Acidic vs. alkaline soils' ZSB response using the same strain: the pH of 

the soil has a significant impact on ZSB-mediated solubilisation 

mechanisms, particularly organic acid secretion and Zn complexation 

and is a key determinant of microbial survival and activity. 

Pseudomonas chlororaphis strain YB-10 was assessed in wheat and 

rice grown in both acidic (pH 5.2) and alkaline (pH 8.3) soils (26). 

Alkaline conditions inhibited acidification-mediated Zn release, as 

evidenced by the solubilisation index (SI), which was highest at neutral 

pH (6.8), followed by acidic soils (SI = 3.1) and lowest in alkaline soils           

(SI = 1.4). In acidic soils, the grain Zn content increased by 21.3 %, while 

in alkaline soils, it increased by 9.7 %. 

 Bacillus aryabhattai S-ZnB5 was investigated in rice grown 

in calcareous (alkaline), black (neutral) and red (acidic) soils (27). 

Zn availability rose by 33.4 % in acidic soils (pH 5.5) and grain yield 

increased by 16.2 % in tandem. However, only a 12.6 % increase in 

available Zn and a 5.3 % yield gain were noted in alkaline soils (pH 

8.1). The limited solubility of ZnCO₃ and Zn(OH)₂ in high pH 

environments was cited as the reason for the decreased efficiency. 

Burkholderia sp. strains were tested in both neutral and acidic 

environments from Odisha (3). In alkaline environments, where Zn 

tends to precipitate and form stable complexes, the strain needed 

organic amendments (such as farmyard manure (FYM) or 

compost) to remain effective despite demonstrating good 

colonisation across pH ranges. 

 According to these results, ZSB strains have the best 

solubilising potential in acidic to neutral soils, whereas adaptable 

formulations (like organic carriers or chelators) or synergistic 

inoculants (like phosphate-solubilising bacteria (PSB)), which also 

secrete organic acids, are needed for performance in alkaline soils. 

ZSB-mediated Zn solubilisation is significantly influenced by soil 

pH, with acidic to neutral soils favouring microbial activity and Zn 

bioavailability. 

Table 1. Zinc deficiency threshold in soil across different districts of Odisha 

District Deficiency Soil Zn (ppm) Reference 

Balasore Deficient < 0.5 (Low) (3) 
Mayurbhanj Deficient 0.3–0.7 (100) 
Kendrapara Deficient < 0.5 (103) 
Jajpur  Deficient 0.4 (100) 
Bhadrak Deficient 0.3–0.6 (101) 
Balangir Moderate deficiency 0.6–1.0 (102) 
Nuapada Moderate deficiency 0.7 (100) 

Koraput Slight deficiency 0.8–1.2 (100) 

Zn deficiency threshold in soil is generally considered below 0.6 ppm for most crops. 
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Government initiatives for zinc nutrient management in rice-

based systems 

The Indian government has implemented many policies and 

programs to promote Zn supplementation, recognising that Zn 

deficiency adversely impacts food security. The National Mission on 

Sustainable Agriculture (NMSA) and the Soil Health Card Scheme are 

essential initiatives that advocate for balanced fertilisation by urging 

farmers to utilise Zn-enriched fertilisers in accordance with soil test 

recommendations (28, 29). These plans aim to rectify micronutrient 

deficits while enhancing soil fertility and crop productivity. 

 These programs have become more popular in Odisha, 
especially in districts where there is a lack of Zn. More and more 

people are recommending the use of Zn sulphate fertilisers for 

growing rice, which is the main crop in the area. Many research 

institutes from ICAR (Indian Council of Agricultural Research, India) 

and a few state universities of different states of India have done 

experimental trials that show that adding Zn to the soil or spraying it 

on the leaves can greatly increase the amount of rice produced and 

the amount of  Zn in the grains (30–32). Also, researchers are looking 

into using Zn-enriched organic amendments and biofertilizers, like 

ZSB, as long-lasting and environmentally friendly alternatives to 

chemical fertilisers (Table 2). 

 Even with these improvements, small and marginal farmers 

still don't use Zn fertilisers as much as they should because they 

don't know enough about them, they can't afford them and quality 

inputs aren't always available in rural markets. To get more people 

to use Zn fertiliser, we need to improve extension services, farmer 

training programs and supply chain systems. Promoting bio-based 

interventions, such as microbial inoculants and Zn-enriched 

composts, is also a good way to improve Zn nutrition in a way that 

lasts, especially in places like Odisha where resources are limited 

(33). 

Zinc-Solubilizing Bacteria as Plant Growth-Promoting 

Rhizobacteria (PGPR) 

Plants require Zn as a micronutrient due to its significance in several 
biochemical and physiological activities, such as enzyme activation, 

protein synthesis and growth regulation. The Zn is prevalent in soils; 

yet, it frequently exists in forms that are inaccessible to plants, 

resulting in significant Zn deficiency in agricultural systems. To 

address this issue, a particular group of beneficial soil bacteria 

known as ZSB has emerged as a viable biological agent for 

enhancing Zn availability in the rhizosphere. These bacteria are 

classified as Plant Growth-Promoting Rhizobacteria, recognised for 

their capacity to enhance nutrient uptake and facilitate diverse 

growth in plants (34). 

Classification and isolation of zinc-solubilising bacteria 

Zinc-solubilising bacteria are microbial strains that convert insoluble 

Zn compounds, including zinc oxide (ZnO) and Zn carbonate 

(ZnCO3), into bioavailable forms for plants. The bacteria are derived 

from various taxonomic groups, primarily from the genera 

Pseudomonas, Bacillus, Burkholderia and Rhizobium (35–36).  

Isolation of ZSB from rhizospheric soil samples or plant roots is 

typically cultured on selective media that contain only insoluble Zn 

salts as the source of Zn. The presence of distinct halos surrounding 

colonies signifies the solubilisation of Zn. Quantitative estimation of 

Zn solubilization is often performed using spectrophotometric 

techniques to measure soluble Zn concentrations in culture filtrates 

(37–38).  

Mechanisms of Zinc solubilisation by bacteria  

 ZSB can solubilise Zn through various biochemical mechanisms. A 

primary strategy involves the secretion of organic acids such as 

gluconic acid, citric acid and oxalic acid into the rhizosphere            

(Table 3). These organic acids create soluble complexes with Zn ions, 

facilitating the mobilisation of Zn from mineral sources (39, 40). 

Pseudomonas aeruginosa synthesis of gluconic acid significantly 

enhances Zn solubilisation (41). Bacterial cells release organic acids 

that decrease the environmental pH, facilitating the dissolution of Zn 

minerals (42). Siderophore synthesis, the secretion of iron-chelating 

chemicals by bacteria, has been associated with the transport of Zn. 

Siderophores primarily facilitate iron acquisition, although they also 

chelate other metal ions such as Zn, enhancing their solubility and 

uptake by plants (37). Alternative methods encompass the 

utilisation of oxidoreductive enzymes present on bacterial cell 

membranes and the synthesis of chelating ligands that bind to Zn 

ions. This multifaceted technique ensures effective Zn solubilisation 

despite variations in soil conditions. 

Table 2. ZSB in enhancing zinc use efficiency and rice productivity across India 

State Soil type Zinc solubilising bacteria 
strain(s) 

Zinc use efficiency 
improvement 

Rice productivity outcome Reference 

Odisha Acidic, red lateritic 
Bacillus megaterium CRS-

30, CRS-17 ↑ ZUE by ~30 % in red soils ↑ Yield by 18–25 % (105) 

West Bengal Gangetic alluvial 
Native Pseudomonas spp.  

+ Bacillus spp. ↑ Zn uptake by 22 % 
↑ Grain Zn content by                      

1.8–2.2 mg/kg (106) 

Punjab Loamy, calcareous 
Bacillus subtilis  + organic 

formulation 
↑ Zn efficiency in calcareous 

soil by 25 % Yield increase of 12–15 % (107) 

Haryana 
Sandy loam, neutral-

alkaline 
Bacillus megaterium, 

Pseudomonas fluorescens 
↑ Zn solubilization in high pH 

soils 
Better tillering; ↑ yield by             

10–18 % (108) 

Chhattisgarh 
Lateritic and clay 

loam 
Local consortia (ZSB  + 

PSB) 
↑ Zn uptake in submerged soil 

by 28 % 
↑ Yield by 20 % under SRI 

methods (109) 

Bihar Alluvial, neutral 
Bacillus circulans, B. 

subtilis 
Improved Zn translocation 

efficiency 
↑ Grain Zn by                             
1.6–2.0 mg/kg (91) 

Tamil Nadu 
Clayey soils, pH 6.5–

7.0 
Pseudomonas fluorescens, 

encapsulated 
↑ Zn bioavailability in irrigated 

paddy fields 
↑ Yield by 12–16 %; improved 

root development (110) 

Andhra Pradesh Deltaic soils 
Bacillus thuringiensis, ZSB 

consortia 
↑ Zn availability and root Zn 

transport 
↑ Yield by 14 %, improved 

spikelet filling (111) 

Assam 
Acidic and flood-

prone 
Indigenous ZSB strains 

from rhizosphere 
↑ Zn use under waterlogged 

condition ↑ Panicle length, grain weight (111) 

Maharashtra Medium black soils 
Bacillus subtilis, 

Azotobacter with ZSB Improved Zn-P synergy 
↑ Yield by 10–12 % under 
semi-irrigated conditions (112) 

Note: ↑= Increased 
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Bacterial genera involved in zinc solubilisation. 

 Various bacterial strains have demonstrated efficacy in Zn 

dissolution within laboratory and greenhouse settings. 

Pseudomonas species are the most extensively researched of them 

due to their exceptional ability to remove Zn (43). Bacillus spp., 

including Bacillus thuringiensis, have demonstrated significant 

potential in facilitating Zn mobility, hence enhancing Zn 

availability for crops (44). Burkholderia cenocepacia and Rhizobium 

species. Two other forms of ZSB enhance plant growth by 

increasing Zn availability (45). Serratia marcescens and Serratia 

liquefaciens are two significant strains that have efficient Zn-

solubilising capabilities. These strains contribute to the catalogue of 

beneficial microorganisms applicable in sustainable agriculture (44). 

  Zinc-solubilising bacteria constitute a significant category 

of plant growth-promoting rhizobacteria (PGPR) that mitigate Zn 

deficiency in soils by converting insoluble Zn compounds into 

bioavailable forms for plant uptake. They accomplish this by 

synthesising organic acids, expelling protons, secreting 

siderophores and chelating. The inclusion of diverse taxa such as 

Pseudomonas, Bacillus, Burkholderia and Rhizobium in ZSB 

indicates their potential as bioinoculants to enhance Zn nutrition 

and agricultural yield sustainably. Subsequent investigations into 

the molecular mechanisms of Zn solubilisation and the application 

of these microorganisms in agricultural practices will enhance 

their utility in farming (46). 

Agricultural and environmental significance of zinc-

solubilising bacteria 

Zinc-solubilising bacteria have gained considerable attention in 

sustainable agriculture due to their dual role in enhancing crop 

productivity and minimising environmental impact. By mobilising 

insoluble forms of Zn in the rhizosphere, ZSB can reduce 

dependence on synthetic Zn fertilisers, which are often costly and 

environmentally detrimental. The Zn deficiency is particularly 

widespread in calcareous and alkaline soils where native Zn 

availability is low (6). Beyond improving Zn uptake, ZSB have been 

shown to influence several physiological processes central to yield 

formation in crops like rice. Enhanced Zn availability through ZSB 

activity contributes to improved tillering, panicle initiation and 

grain filling by promoting key metabolic functions such as 

chlorophyll synthesis, auxin-mediated root development and 

enzymatic activation involved in carbohydrate metabolism and 

nitrogen assimilation. 

 These links remain underexplored. While improved Zn 

uptake is recognised, the effects of ZSB on photosynthesis, carbon 

allocation and source–sink dynamics during grain filling are poorly 

quantified. Claims of enhanced grain quality through Zn 

biofortification require validation using physiological indicators such 

as Zn remobilisation efficiency and transporter activity during 

reproductive stages. Recent findings suggest that ZSB bioinoculants 

not only enhance total yield but also improve grain Zn 

concentration, thereby contributing to nutritional security in Zn-

deficient populations (35, 47). Furthermore, ZSB application 

promotes soil biological health, mitigating heavy metal 

accumulation and fostering a rhizosphere conducive to sustainable 

productivity (Fig. 3). A deeper understanding of these mechanistic 

pathways spanning rhizospheric Zn solubilisation to its physiological 

assimilation and grain deposition is crucial for integrating ZSB 

effectively into yield optimisation strategies (Table 4). 

Impact of zinc-solubilising bacteria on plant growth and soil 

microbiome  

Zinc-solubilising bacteria engage with plants and other soil 
microorganisms in dynamic manners, frequently establishing 

symbiotic or associative partnerships that facilitate nutrient uptake 

in plants. These bacteria inhabit the rhizosphere and root surfaces, 

where they excrete organic acids and siderophores that facilitate the 

proximity of Zn ions to the roots, enabling direct absorption by the 

plant (47, 48). The ZSB can coexist with beneficial microorganisms, 

such as nitrogen-fixing bacteria and phosphate solubilisers. 

Collectively, they can enhance plant growth. This assemblage of 

microorganisms facilitates nutrient mobility and enhances 

availability, rendering ZSB a crucial component of the rhizospheric 

microbial community (49). 

Factors influencing the activity of zinc solubilising bacteria 

Numerous environmental and physiological factors influence the 

efficacy of ZSB in dissolving Zn. Among these factors, soil pH plays a 

major role in regulating Zn solubility and microbial activity. Acidic 

soils often enhance the solubility of Zn, whereas alkaline soils 

impede its dissolution due to the formation of Zn compounds (50). 

ZSB modulate the quantity of organic acids produced and the 

protons released to enhance Zn availability (51). The presence of 

other metal ions, soil moisture, temperature and organic matter can 

alter bacterial activity and their efficacy in dissolving Zn. To utilise 

ZSB efficiently across various agroecosystems and to formulate 

optimal biofertilisers for each context, it is essential to understand 

these factors (13, 52). 

Table 3. Mechanisms of zinc solubilisation 

Pathway Key agents Factors 

Organic acid production  
Microbial species like Pseudomonas, Bacillus and Aspergillus 

spp. produce organic acids. 

Microorganisms (e.g., bacteria and fungi) secrete 
organic acids (such as citric, oxalic, gluconic and 

tartaric acids) that chelate zinc ions and lower soil 

Proton extrusion (acidification) 
Microbial metabolism releases protons (H+ ions) into the 

rhizosphere, decreasing pH and dissolving zinc compounds 
like zinc oxide or zinc carbonate. 

Rhizosphere microorganisms and root cells 
actively release protons. 

Siderophore production 
  

Some microbes produce siderophores, high-affinity iron-
chelating compounds that can also bind to zinc, facilitating 

its mobilisation and uptake. 
Pseudomonas and Azotobacter species. 

Enzymatic activity  
  

Enzymes such as phosphatases can mineralise organic 
phosphorus compounds, indirectly enhancing zinc 

availability by altering soil chemistry. 
Soil microbial enzymes in the rhizosphere. 

Redox reactions 
  

Microbial reduction or oxidation changes the chemical form 
of zinc, affecting its solubility and availability. Soil microorganisms influencing redox potential. 

Root exudation 
Plant roots exude organic compounds (organic acids, amino 

acids) that solubilise zinc similarly to microbial acids. Root exudates in the rhizosphere zone. 
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  Recent advancements in genomics and molecular biology 

have begun to elucidate the genetic mechanisms by which bacteria 

degrade Zn. Researchers have identified genes in certain ZSB strains 

that encode enzymes responsible for the production of organic 

acids, proton pumps and siderophores (53). This molecular 

information can enhance ZSB strains' ability to transport Zn and 

manage stress effectively. Furthermore, the integration of ZSB 

inoculation with contemporary agricultural practices such as 

precision farming and integrated nutrient management 

demonstrates potential for sustainable crop production (54). 

Bioformulation strategies for zinc-solubilising bacteria 

 Zinc-solubilising bacteria have gained prominence as bioinoculants 

for ameliorating Zn shortage in crops, particularly in rice-based 

agricultural systems. The selection and formulation of microbial 

carriers are crucial for the effective distribution and performance of 

ZSB in the field (55). Bioformulation technologies, ranging from 

conventional carrier-based systems to contemporary nano-

encapsulation, are crucial for preserving microbial viability, ensuring 

precise delivery and enhancing stress resistance (56). 

Comparison between carrier-based and liquid bioformulations 

Carrier-based bioformulations are favoured due to their cost-

effectiveness and ease of application. These systems often utilise solid 

substances such as peat, lignite, vermiculite and compost to retain 

and transport beneficial microorganisms. Peat and lignite have long 

been considered optimal selections due to their mechanical 

protection and ability to sustain microbial viability, maintaining 

colony-forming units (CFU) over 10⁷/g under adequate storage. 

However, these carriers frequently exhibit diminished performance in 

adverse field circumstances and have a shorter shelf life (57). 

Conversely, liquid bioformulations exhibit an extended shelf life and 

 

Fig. 3. Schematic representation mechanism of Zn solubilisation. 

Table 4. Effect of application of Zn across different states of India  

State/region Soil type/condition Zn application Grain yield (kg/ha) Grain Zn content 
(mg/kg) 

Key findings 

Odisha Acidic sandy loam           
(pH 5.4) 

ZnSO₄ at 5 kg/ha soil  + 
optional foliar spray at 0.1 % 

~4937 ~39.5 
Soil Zn alone was as effective as the 
combined treatment; very high Zn 

accumulation. 

Jharkhand                     
(Ranchi) 

Red lateritic (low OM, 
Zn deficient) 

Zn at 2.5, 5.0, 7.5, 10 kg/ha Up to ~2928 22.65–26.25 
Best yield and grain Zn at 10 kg/ha 

ZnSO₄; moderate Zn build-up at 
lower doses. 

North-East 
(Nagaland, 
Meghalaya, 
Tripura) 

Acidic/deficient soils Soil Zn at 5 kg/ha; foliar at 
0.5 %; Zn  + ZSB combination 

↑ yield (varied) ↑ Zn uptake Foliar spray most effective; ZSB 
enhanced uptake and availability. 

Punjab 
(Ludhiana) 

Alluvial and low Zn Soil Zn at 0–40 kg/ha Optimal at                      
10–20 kg/ha 

Improved grain/
straw Zn 

No additional gain beyond 20 kg/ha; 
Zn application enhanced nutritional 

value of Basmati rice. 

Uttar Pradesh 
(Eastern 
districts) 

Zn-deficient alluvial ZnSO₄ at 5–10 kg/ha 8–18 % increase ↑ Zn content 
Zn application significantly 

improved yield in double-rice 
systems                   (rice–rice). 

Karnataka            
(Southern zone) 

Red sandy loam ZnSO₄ at 5 kg/ha basal; foliar 
spray 0.5 % at PI  + flowering 

~10–15 % increase ↑ grain Zn Combined soil  + foliar application 
best; synergistic effect observed. 

Maharashtra 
(Konkan) 

Lateritic soils Soil Zn at 5–7.5 kg/ha 10–16 % increase 24–28 
ZnSO₄ effective in low-pH soils; zinc 
application corrected yield-limiting 

micronutrient deficiencies. 

Tamil Nadu 
(Coimbatore) Irrigated rice systems 

Soil Zn at 5 kg/ha; foliar at 
0.5 % ↑ by ~20 % Up to ~30 

Zn management enhanced tillering, 
panicle length and grain yield in 

high-yielding varieties. 
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enhanced stability during storage and application. They consist of 

stabilising substances such as glycerol, oils, or polyvinylpyrrolidone 

(PVP). They facilitate the uniform dissemination of microorganisms, 

enhance their thermal tolerance and increase their applicability, 

hence augmenting their utility in agriculture affected by climatic 

stress (58). Liquid formulations provide versatile application 

techniques such as seed coating, root dipping and fertigation, all of 

which ensure a uniform delivery of microorganisms (Table 5). 

What constitutes an effective carrier for ZSB formulations? 

 An effective microbial carrier must be environmentally safe, cost-

effective and non-toxic to humans. It must also sustain cellular 

viability for an extended duration. It should facilitate regulated 

release, protect bacteria from external challenges such as heat, UV 

radiation and desiccation and enable scalable processing (59). 

Promising solid transporters include peat and lignite, both of which 

harbour numerous bacteria that sustain life and continually 

safeguard the soil. Nonetheless, lignite by itself is not as efficacious as 

mixtures. Vermiculite and compost are biodegradable, durable and 

promote plant growth by retaining nutrients (Table 5). Alginate 

beads offer benefits for encapsulation, including accurate microbial 

release and enhanced field survivability (59). The particle size is 

crucial for their dispersion efficacy. Smaller particles adhere more 

effectively to surfaces and exhibit a higher likelihood of survival (60). 

Methods for stabilisation, duration of efficacy and delivery 

mechanisms 

 The microbial strain and formulation matrix influence the stability 

and efficacy of ZSB bioformulations in delivering their contents. 

Peat and compost-lignite mixtures are examples of carriers that 

have demonstrated the ability to stabilise ZSB for several months 

(61). Advanced stabilisation techniques such as freeze-drying, the 

incorporation of trehalose and the selection of desiccation-

resistant strains can significantly extend shelf life (61).  For optimal 

outcomes in the rice rhizosphere, alginate bead encapsulation, 

vermiculite-based powder inoculants and liquid suspensions with 

protective additives are all effective alternatives. These 

approaches ensure uniform colonisation of the roots and maintain 

elevated microbial activity throughout the crop cycle (61). These 

approaches enhance ZSBs’ resilience to abiotic stressors and 

improve its capacity to transport insoluble Zn. 

Nano-bioformulation and microbial encapsulation 

 Recent advancements in nano-bioformulation technologies have 

enabled innovative methods for microbial delivery. These methods 

utilise nanomaterials such as silica, chitosan, or starch-based 

nanoparticles to safeguard the rhizoplane and facilitate the 

controlled release of bacteria (62). Nano-carriers facilitate the 

adhesion of Zn to root surfaces, enhance resistance to UV radiation 

and desiccation and promote absorption by plants. This renders 

them ideal for precision agriculture. Encapsulating ZSB in alginate 

beads or chitosan matrices enhances its viability throughout storage 

and transport, even under harsh pH or temperature conditions. The 

beads gradually release bacterial cells in the rhizosphere, hence 

prolonging the Zn solubilisation activity (63). Additionally, liquid 

nano-formulations that combine ZSB with stabilisers and nano-

additives such as nano-silica create an inoculant that is user-friendly 

and manageable. Such formulations exhibit prolonged efficacy               

(6–12 months) and demonstrate superior plant colonisation, 

facilitating their utilisation by farmers across diverse agroecological 

zones (60, 64). 

Field-validated ZSB strains and their capabilities 

 Multiple robust ZSB strains, including CRS-17, CRS-30, CRS-38 and 
CRS-9, have been identified and evaluated for field use. These strains 

are highly effective at degrading Zn-phosphate. These strains 

produce organic acids, particularly gluconic acid, which acidify the 

rhizosphere and facilitate the mobility of Zn (64). They enhance the 

solubility of indole-3-acetic acid (IAA), siderophores and other 

nutrients (such as phosphorus and potassium), hence promoting 

improved plant growth and nutrient absorption (57). 

Zinc availability, uptake and metabolic functions in rice 

cultivation 

 Rice (Oryza sativa) serves as the primary sustenance for around half of 

the global populace, with Asia accounting for over 90 % of the worlds’ 

rice production to satisfy the needs of its swiftly expanding population 

(65, 66). In Malaysia, adults consume about 2.5 servings of white rice 

daily, highlighting the crops’ nutritional importance. To maintain and 

improve rice productivity, farmers frequently depend on chemical 

fertilisers that provide essential macronutrients N, P and K as well as 

micronutrients including Zn (Zn), boron (B), iron (Fe), copper (Cu), 

manganese (Mn) and molybdenum (Mo) (67, 68). The Zn is a vital 

Table 5. Composition of different zinc solubilising bacteria bioformulations 

Bioformulation 
Type 

Microbial strains Substrate material Additives Advantages 

Carrier-based 
solid formulation 

Bacillus spp. (e.g., Bacillus 
subtilis, B. megaterium), 

Pseudomonas spp., 
Enterobacter spp. 

Peat, lignite, vermiculite, 
compost, talc, charcoal 

Calcium carbonate, 
gypsum, sugar, biochar 

Provides mechanical protection; supports 
microbial viability; cost-effective; 

commonly used in India; shelf-life 3–6 
months 

Liquid 
formulation 

Same strains as above plus 
Azotobacter, Azospirillum 

Mineral oil, water-based 
solutions, glycerol, 

emulsions 

Surfactants, 
osmoprotectants (e.g., 

glycerol, PVP), nutrients 

Longer shelf-life (~6–12 months); better 
consistency in delivery; easy handling and 

application as seed or soil inoculant 

Alginate beads 
encapsulation 

ZSB strains encapsulated in 
alginate matrix (e.g., 

Bacillus, Pseudomonas) 

Sodium alginate  + calcium 
chloride gel beads 

Cryoprotectants (e.g., 
trehalose), nutrients 

Controlled release; protection against 
environmental stresses (UV, desiccation); 

enhanced root colonisation; shelf-life up to 
12 months 

Nano-
bioformulations 

ZSB with nano-carriers like 
silica nanoparticles, starch 

nanoparticles 

Nanomaterials combined 
with bio-carriers (alginate, 

glycerol-based liquids) 

Stabilisers and slow-
release polymers 

Enhanced microbial stability and adhesion; 
improved zinc solubilization under stress; 

emerging technology with better field 
efficacy 

Biochar-based 
Formulations 

ZSB inoculated on biochar 
or charcoal powder 

Biochar, charcoal 
Nutrient amendments 
and moisture retainers 

Improves soil structure and microbial 
habitat; synergistic benefits for nutrient 

cycling and carbon sequestration. 

Powder 
formulations 

Dried bacterial biomass 
(freeze-dried or spray-dried 

ZSB) 

Talc, lignite powder, peat 
powder 

Protective agents like 
skim milk powder, 

maltodextrin 

Extended shelf-life; ease of transport and 
storage; requires rehydration before 

application 

Granular 
formulations 

ZSB immobilised on 
granules 

Clay granules, expanded 
perlite, lignite granules 

Nutrient additives, humic 
substances 

Slow nutrient release; ease of soil 
incorporation; compatible with 

mechanised sowing 
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element necessary for several physiological and biochemical 

processes in plants that are crucial for growth and stress resilience (69, 

70). 

Zn availability and its impact on plant physiology 

 Zincs’ bioavailability in soil is often limited because it forms insoluble 
complexes like ZnO, ZnCO3 and zinc phosphate (Zn3(PO4)2). This is 

especially true in calcareous or alkaline soils that are typical of flooded 

rice systems. Plants can’t use these forms very well, which causes a Zn 

shortage that hurts important metabolic processes like glucose 

metabolism, protein synthesis, enzyme activation and hormone 

control (65). A lack of Zn slows down growth, lowers blooming and 

fruiting, lowers carbohydrate levels and makes it harder for plants to 

make phytohormones. This lowers crop yields and the nutritional 

quality of grains (71, 72). Zinc is an important cofactor for many 

enzymes, such as carbonic anhydrase, fructose-1,6-bisphosphate 

aldolase and alcohol dehydrogenase. These enzymes are important 

for photosynthesis, respiration and root growth (73). Zinc is important 

for keeping cell membranes intact because it stabilises phospholipids 

and protects them from oxidative damage through interactions with 

sulfhydryl groups (74, 75). Zinc changes the way hormones work, 

especially how auxin (IAA) is made and how abscisic acid (ABA) is 

changed. These hormones control growth, stomatal function and how 

plants respond to abiotic stress (70). 

Increasing the availability of zinc through zinc-solubilising 

bacteria 

 Zinc fertilisers like zinc sulphate (ZnSO4), zinc oxide and synthetic 

chelates like Zn-EDTA are common ways to deal with a lack of Zn 

(71). These fertilisers, on the other hand, often don’t work well 

because Zn can build up in the soil, they cost a lot and they could 

harm the environment (68). The use of ZSB has become a viable 

biological option that naturally makes Zn more available to plants by 

changing insoluble Zn compounds into forms that plants can use 

(Table 6).  

  Pseudomonas, Bacillus, Rhizobium, Actinetobacter, Azotobacter 

and Enterobacter are some of the species that use different methods to 

make Zn soluble. The main way this works is by releasing organic acids 

like gluconic acid, citric acid and oxalic acid, which make the 

rhizosphere more acidic and bind to Zn ions, making them easier to 

dissolve (13, 67). In addition, the production of siderophores, the release 

of protons and enzymatic redox processes all help to move Zn around 

(37). Bacterial activity makes it easier for roots to take up Zn, increases 

the number of different types of microbes in the soil and makes the soil 

more fertile overall (13). 

Influence of zinc on plant development, yield and nutrient 

absorption 

 Inoculating plants with ZSB significantly improves their ability to 

absorb Zn, which is linked to more plant biomass, grain yield and 

nutrient intake. Studies in the field and greenhouse have shown that 

rice plants that have been treated with ZSB have longer and denser 

roots, higher levels of chlorophyll and better resistance to abiotic 

stressors like drought and salt (42, 76). Zinc availability changes the 

way carbohydrates are distributed by turning on important enzymes 

in photosynthesis. This makes it easier for plants to get the energy 

they need to grow and reproduce (77-78). 

  Zinc works well with other minerals and PGPR, which helps 

crops grow better. When ZSB is co-inoculated with phosphate-

solubilising bacteria or nitrogen-fixers, rice and other cereals absorb 

nutrients more effectively and produce more (13, 79). This synergy 

shows how useful microbial consortia could be in integrated nutrient 

management (INM) systems, where biological inoculants improve 

chemical fertilisers to make the most of nutrients and reduce their 

impact on the environment (68). 

Integration of zinc solubilising bacteria with integrated nutrient 

management 

 ZSBs’ incorporation into INM methods offers a sustainable way to 

improve crop productivity and alleviate the Zn shortage while 

lowering dependency on artificial inputs. INM emphasises the 

prudent use of biological, inorganic and organic inputs tailored to 

the unique requirements of crops and soil (76). Using native or 

imported microbial strains' Zn-solubilising properties helps farmers 

reduce their dependency on costly Zn fertilisers, enhance soil health 

and promote long-term agricultural sustainability (67). Studies 

emphasise the importance of site-specific management, whereby 

knowledge of microbial communities, environmental factors and 

soil Zn levels guides the effective use of ZSB-based biofertilizers (71, 

72). To increase their use in rice production systems, resilient ZSB 

inoculants that are adapted to regional agroecological conditions 

must continue to be developed. 

Recent developments in research on zinc-solubilising bacteria 

 According to recent research, ZSB play a critical role in increasing Zn 

bioavailability, particularly in the face of abiotic stressors like 

drought, salinity and heavy metal contamination, all of which are 

increasing in frequency as a result of intensive agriculture and 

climate change (80, 81). Research has demonstrated that inoculating 

rice plants under drought stress with ZSB strains, such as Bacillus 

subtilis and Pseudomonas putida, increased Zn solubilisation and 

antioxidant enzyme activities, which improved growth and yield. 

These results demonstrate ZSBs’ many benefits, which go beyond 

nutrient mobilisation and include stress reduction and increased 

plant resilience (80). 

 The diversity and functional ability of native ZSB populations 

in rice rhizospheres across different agroecological zones have also 

been clarified by developments in metagenomics and high-

throughput sequencing (82). These techniques have increased the 

possibility of developing region-specific bioinoculants by identifying 

new bacterial genera and species with potent Zn-solubilising 

properties and traits that promote plant growth. Microbial consortia 

have shown synergistic effects in improving Zn uptake and overall 

Treatment Effect on yield (%) Compared to control Reason References 

Control No Zn application or microbial inoculation Baseline (0 %)  Natural soil zinc availability   

ZSB Inoculation with zinc-solubilising bacteria  + 10 % to + 25 % increase 
Enhances zinc solubilisation and 
uptake; sustainable method (e.g., 

Pseudomonas, Bacillus spp.) 

(45, 66) 
  

ZnSO₄   Application of zinc sulfate fertiliser  + 15 % to + 35 % increase 
Direct zinc supply; rapid correction of 

deficiency 
(17, 104) 

  

Table 6. Comparison is based on typical results reported in agronomic research assessing zinc bioavailability and crop response 

ZSB: zinc-solubilizing bacteria; ZnSO₄: zinc sulfate.  
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soil health when paired with organic amendments and precision 

fertilisation (13). 

Molecular mechanisms and genetic engineering strategies 

 In the last few years, there have been big improvements in our 

understanding of the molecular processes that control how bacteria 

dissolve Zn. Genes that control glucose dehydrogenase, gluconic 

acid biosynthesis enzymes and siderophore synthesis pathways 

have been functionally characterised in several ZSB strains. This 

opens up the possibility of genetic improvement (83–84). Research 

indicates that increasing the amount of GCD in                                        

Bacillus amyloliquefaciens made more gluconic acid, which made Zn 

solubilisation work better in alkaline soil (83). 

 Researchers have used synthetic biology to change bacteria so that 

they can move Zn more easily and handle stress better. Research 

created a recombinant strain of Pseudomonas fluorescens that can 

dissolve both Zn and phosphate at the same time (84). This strain 

helps rice plants grow by making it easier for them to colonise. These 

new ideas could lead to the creation of biofertilizers that can do 

more than one thing and are tailored to the needs of specific crops 

and soils. This would improve sustainable nutrient management 

methods. 

Integration of zinc solubilising bacteria with sustainable 

agricultural practices 

 The useful benefits of integrating ZSB inoculants into sustainable 

agricultural frameworks, like integrated nutrient management (INM) 

and organic farming systems, are highlighted by recent field trials. 

The ZSB combined with reduced amounts of chemical Zn fertilisers 

boosted rice yield by 15–20 % and increased grain Zn content 

compared to full-dose chemical fertilisation alone, according to 

research (59). In addition to lowering input costs, this also lessens soil 

erosion and environmental contamination.  The ZSB has been 

shown to have synergistic effects on soil microbial diversity, disease 

resistance and nutrient absorption when applied in conjunction with 

other PGPR and mycorrhizal fungi. By recycling nutrients, reducing 

synthetic inputs and maintaining ecological balance, integrated 

bioinoculant consortia support circular agriculture. 

Applications of zinc-solubilizing bacteria in global and Indian 

agriculture 

ZSB bioformulations have demonstrated potential in a range of 

agroclimatic zones worldwide. In China, for instance, field 

application of Pseudomonas and Bacillus strains in calcareous and 

Zn-deficient soils resulted in improved plant hormone regulation, 

disease resistance and increased grain Zn concentrations in rice and 

maize (83). These strains help roots absorb Zn by producing 

siderophores, secreting gluconic acid and expressing Zn transport 

genes. 

 Trials on sugarcane and soybeans in Brazil showed that ZSB 
inoculants in conjunction with lower dosages of Zn fertilisers (ZnSO₄ 

or Zn-EDTA) preserved or even increased yields while drastically 

lowering the cost of chemical inputs. Through organic acid 

exudation, the bio-inoculants also increased the diversity of the 

rhizosphere microbiome and the availability of phosphorus, 

underscoring their multipurpose function in sustainable nutrient 

management (84). 

 Researchers have tested ZSB biofertilisers on staple crops 

like millet and maize in sandy, Zn-deficient soils in Africa, especially in 

sub-Saharan regions. The findings demonstrated notable gains in 

drought tolerance, Zn bioavailability in edible portions and grain 

quality. Due to the regions’ pervasive micronutrient malnutrition, 

this microbial approach is becoming more and more important in 

the fight against "hidden hunger" (59, 85). Additionally, in 

Bangladesh and Nepal, where Zn deficiency is common in rice 

paddies, integrated ZSB consortia have been assessed. Studies 

show that grain enrichment and Zn uptake can increase by up to      

40 % without having a negative impact on soil biodiversity, 

indicating a great potential for low-cost biofortification substitutes in 

low-input farming systems (86). 

 Multiple pot and field experiments in India have 

demonstrated that ZSB particularly Bacillus spp., significantly 

enhance the yield of wheat and rice. Inoculation with robust ZSB 

strains led to significant enhancements in plant biomass, grain Zn 

concentration and overall yield in the eastern regions of West Bengal 

and Odisha (87). In Odisha, the state university studies at OUAT, 

strains such as BZ-2 and BZ-5 showed remarkable Zn and potassium 

solubilisation capabilities. Besides facilitating nutrient mobilisation 

and reducing the pH of the rhizosphere, these strains significantly 

enhanced plant development parameters such as dry matter 

accumulation, shoot and root length and seed germination (87, 88). 

 Farmer-led experiments at 339 on-farm sites in Odisha 

confirmed that applying ZSB and 50 kg ZnSO₄/ha in rice nurseries 

resulted in a 25 % increase in grain yield, as well as higher grain Zn 

concentrations and net economic returns (89). These results 

highlight the economic and agronomic viability of integrating ZSB in 

areas with low nutrient levels. Trials conducted on rice and wheat 

fields in Punjab and Chhattisgarh revealed comparable increases in 

organic carbon retention, microbial activity (particularly the enzyme 

dehydrogenase) and grain quality, suggesting long-term 

improvements in soil health (89). Furthermore, farmer participation 

in demonstrations was essential to the spread of technology. 

Following significant increases in crop vigour and productivity, 

farmers trained under integrated nutrient management programs 

swiftly embraced ZSB-based bio inputs. The ZSBs are an essential 

part of agroecological intensification in India because of the synergy 

seen in ZSB consortia (as opposed to single-strain use), which further 

improved nutrient cycling and crop resilience under both irrigated 

and rainfed systems (89). 

A sustainable future for zinc-biofortification 

The role of ZSB as natural biofortifiers is becoming more and more 

clear from South America to Odisha, as well as throughout Africa and 

East Asia. Especially in areas with acidic, red, or degraded soils, these 

microbes provide a comprehensive, economical and environmentally 

beneficial substitute for synthetic Zn fertilisers. Furthermore, they are 

essential to climate-resilient agriculture and sustainable soil 

management due to their favourable effects on rhizosphere health, 

nutrient cycling and farmer income (89). Scaling ZSB innovations now 

requires international cooperation, technology transfers from south to 

south and adaptive research using local strains. Their role extends 

beyond agronomy to include food security, environmental 

sustainability and the development of the bioeconomy, as evidenced 

by the growing alignment of ZSB bioformulation research with the 

Sustainable Development Goals of the UN (SDG 2: Zero Hunger; SDG 

13: Climate Action) (90). 

Challenges in field performance and translation from laboratory 

to field 

Challenges in translating ZSB from laboratory screening to reliable 
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field performance arise from strong context-dependence of their 

activity and survival in heterogeneous soils. Under controlled in vitro 

conditions, ZSB are evaluated in optimised media, stable pH and 

low microbial competition, which rarely reflect field realities such as 

fluctuating moisture and temperature, spatially variable pH and 

redox conditions and diverse native microbiomes that compete for 

root exudates and niches. In alkaline or calcareous soils, rapid 

reprecipitation of solubilised Zn into ZnCO₃ or Zn (OH)₂, combined 

with limited organic carbon, can markedly reduce the solubilisation 

observed in plates or pots, demanding co-application of organic 

amendments or consortia with other PGPR to maintain efficacy (89). 

Moreover, carrier quality, formulation stability and storage 

conditions often compromise the viability of ZSB inoculants by the 

time they reach farmers and inconsistent field practices in dose, 

placement and timing further contribute to variable yield and Zn-

biofortification responses across sites and seasons. Therefore, 

robust bioformulations, multi-location and multi-season trials and 

integration of ZSB with complementary practices (balanced 

fertilisation, organic inputs and crop-specific consortia) are critical to 

narrow the gap between promising laboratory results and 

predictable on-farm outcomes. 

Ecological and biosafety considerations 

Ecological and biosafety considerations are critical when deploying 
ZSB as biofertilizers, because they are live, adaptable organisms 

introduced into complex soil ecosystems. The ZSB generally 

enhance Zn availability sustainably and can reduce dependence on 

chemical fertilisers, but they may also alter microbial communities, 

nutrient cycling and soil food webs in ways that are not fully 

predictable. Potential risks include unintended effects on non-target 

organisms, horizontal gene transfer with indigenous microbes and 

long-term shifts in soil microbial structure and function that persist 

even after the inoculant declines. Therefore, rigorous strain-level 

safety assessment (pathogenicity, antibiotic resistance), host- and 

site-specific testing and adherence to national biosafety and 

biofertilizer regulations are essential, along with multi-season 

monitoring of soil health indicators and microbial diversity under 

ZSB use (86). 

Economic viability and adoption constraints for smallholder 

farmers 

Economic viability and adoption of  ZSB among smallholder farmers 

depend on whether the technology reliably increases yield and 

income while fitting within tight cash-flow and risk constraints. The 

ZSB-based inoculants can lower long-term fertiliser costs by partly 

substituting chemical Zn inputs and improving overall nutrient-use 

efficiency, but farmers often face higher upfront product prices, 

uncertain quality and variable field responses, which weaken their 

incentive to invest (84). Limited awareness of microbial technologies, 

weak last-mile distribution, lack of simple cost–benefit evidence 

(e.g., clear data on extra yield, net return and benefit–cost ratio per 

hectare) and restricted access to credit or extension support further 

slow adoption in smallholder systems. Building economic viability 

therefore requires affordable, stable ZSB formulations, integration 

with existing fertiliser practices (rather than full replacement) and 

demonstration plots or cluster trials that clearly show yield gains and 

net profit improvements under local conditions. 

Constraints, Knowledge Gaps and Future Perspectives 

The ongoing lack of certain micronutrients in agricultural soils, 

particularly Zn (Zn), continues to be a major barrier to crop 

productivity and nutritional quality in India and other developing 

countries. Zn-deficient soils directly contribute to human 

malnutrition by impeding plant metabolic and enzymatic processes, 

resulting in suboptimal yields and decreased Zn bioavailability in 

consumable parts (90–92). In South Asia, where a substantial 

proportion of the population relies on staple crops with limited 

dietary diversity, the problem is particularly acute. 

  The extensive use of synthetic fertilisers and agrochemicals 

has worsened soil degradation and micronutrient imbalance. 

However, under field conditions, synthetic Zn fertilisers, such as Zn 

sulphate, can occasionally be ineffective or unaffordable, leading to 

a move towards sustainable alternatives. A sustainable method that 

could increase crop productivity and nutritional security is the use of 

ZSB, which increase the bioavailability of Zn in soils (45, 90–92). By 

releasing organic acids, producing siderophores and breaking down 

bound forms of Zn, these microbes act as organic biofortifiers in the 

rhizosphere. 

Variability in field performance 

 Despite encouraging results in laboratory and greenhouse conditions, 

the field performance of ZSB remains inconsistent. These variable 

outcomes can be attributed to several interacting factors, including 

microbial strain specificity, soil physicochemical properties (e.g., pH, 

salinity, texture), crop genotype and agroclimatic conditions (93). For 

example, ZSB strains isolated from acidic or saline soils often fail to 

maintain viability or solubilisation efficiency in neutral or alkaline 

alluvial soils, suggesting a mismatch between microbial adaptation 

and target environments. Moreover, microbial competition with 

native soil microbiota and fluctuating abiotic stresses (e.g., 

temperature, moisture, or redox potential) can further compromise 

inoculant performance. This ecological incompatibility underscores 

the need for climate- and soil-specific strain selection, coupled with 

rigorous in situ validation before large-scale adoption. 

 Zn deficiency is severe in intensive cereal systems like the rice–

wheat belts of eastern Odisha, Rajasthan and the Indo-Gangetic Plains 

due to nutrient depletion, leaching and low organic matter. Field trials 

by ICAR and state universities show that region-specific ZSB consortia 

with organic amendments can improve Zn uptake and yield (94). 

However, inconsistent results in alkaline or Zn-fixing soils highlight the 

need for a critical analysis of these variations and strategies to enhance 

ZSB performance. 

Regulatory restrictions and defects in quality assurance 

Microbial product regulations are still dispersed throughout the 

world. The majority of nations continue to rely on culture-based 

metrics, such as CFU counts, which are not representative of 

microbial viability in actual soil conditions. ZSB and other microbial 

biofertilizers are now subject to more stringent regulations in India as 

a result of recent changes made to the 2025 Fertiliser Control Order 

(FCO). Strain identity, minimum viable counts and efficacy data from 

multi-locational field trials must now be provided by manufacturers 

(95). Nonetheless, there are still issues with enforcement and 

compliance, particularly for small and mid-sized biofertiliser 

companies. Globally, agencies such as the United States 

Department of Agriculture (USDA) and the European Food Safety 

Authority (EFSA) are moving towards regulations that are function-

oriented and strain-specific, utilising genomic tools to monitor 

inoculant strains after they have been applied. In order to facilitate 
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the international trade of biofertilisers, there is also growing demand 

for standardised international standards. 

Climate-smart and strain-specific bioformulations 

Multi-strain, multi-functional consortia that are suited to particular 

crops, soil types and climates are becoming more and more popular. 

These bioformulations are made to withstand a variety of abiotic 

stressors, such as drought, salinity and acidic pH, while 

simultaneously promoting plant growth, phosphate mobilisation 

and Zn solubilisation. The ZSB and other PGPR strains are being 

combined in climate-resilient microbial consortia experiments by 

startups such as Sea Energy in Bengaluru and Swadha Biotech in 

Gujarat. Similarly, IG Drones Bio (New Delhi) is leading the way in the 

drone-based deployment of microbial formulations, allowing for 

high-volume, consistent application over challenging terrain (96). 

This innovation is currently being tested in the maize belts of 

Chhattisgarh and the rice fields of Andhra Pradesh. 

Combining AI and precision agriculture 

ZSBs' integration with digital agriculture platforms is key to their 

future. Farmers can now apply bioinoculants according to site-

specific requirements thanks to AI-driven analytics, soil health cards 

and remote sensing tools (97). Machine learning tools are being 

developed by companies such as Farmonaut and Boltzmann Labs 

to predict microbial efficacy based on weather forecasts, crop stages 

and historical field data. For example, when and where ZSBs should 

be applied, a combination of remote sensing (NDVI), soil sensors (pH, 

Zn status) and AI-driven advisory services can maximise impact and 

minimise resource waste (97). Under national programs like the 

Digital India Program and the National Mission on Sustainable 

Agriculture (NMSA), this data-driven, climate-smart approach is 

becoming more and more popular (96). 

Worldwide patterns and cooperative frameworks 

Outside of India, nations like China and Brazil are making significant 

investments in microbial inoculants for biofortification. Regional 

ZSBs for maize and soybeans are promoted by the Brazilian 

Agricultural Research Corporation (EMBRAPA). ZSBs are being used 

in low-input, nutrition-sensitive agriculture in Africa through 

cooperative programs with the International Institute of Tropical 

Agriculture (IITA). In the meantime, as part of its Green Deal policy, 

Europes’ Horizon 2030 framework gives biologicals top priority for 

micronutrient enrichment. 

Moving towards an agri-economy, i.e. biofortified and resilient 

A vital connection between climate resilience, nutrition security and 

sustainable agriculture is Zn-solubilising bioinoculants. However, 

resolving the problems of technological integration, regulatory 

clarity and strain specificity is essential to their success (98, 99). If 

research, policy and field implementation work together, India, with 

its expanding bioeconomy and government-supported startup 

ecosystem, is well-positioned to spearhead this change. 

Bioinoculants are more than just soil amendments; they are 

strategic tools for creating a future that is environmentally sound 

and nutrient secure as we face mounting pressure to feed a growing 

population under climate stress. 

Future prospects of zinc-solubilising bacteria in sustainable 

agriculture 

Zinc-solubilising bacteria offer a transformative approach to Zn 

biofortification, particularly in rice-based systems of developing 

countries like India. Future research should explore native ZSB 

diversity across agroecological zones and identify elite strains with 

superior Zn-solubilising and plant growth-promoting traits using 

advanced tools such as metagenomics, transcriptomics and genome 

editing. Integrating ZSB with other beneficial microbes (PSB, N-fixers, 

arbuscular mycorrhizal fungi (AMF)) can enhance nutrient use 

efficiency in Zn-deficient, acidic soils while reducing reliance on 

chemical fertilisers. Large-scale field trials and farmer-participatory 

studies are essential to validate their efficacy and adaptability. 

Incorporating ZSB technologies into national micronutrient and 

climate-smart agriculture programs, supported by policy incentives, 

can accelerate adoption, especially in tribal and low-input farming 

systems. Ultimately, ZSB-based bioformulations hold great promise 

for sustainable nutrient management, improved food security and 

environmental resilience. 

 

Conclusion 

Zinc malnutrition affects nearly one-third of the global population, 

particularly in cereal-based regions like India. Widespread Zn 

deficiency in red, lateritic and acidic soils such as those in Odisha 

reduces crop yield and grain nutrition. As inorganic fertilisation 

remains inefficient and unsustainable, ZSB emerge as eco-friendly 

alternatives. These microbes enhance Zn availability through 

organic acid and siderophore production, while also promoting 

growth via nitrogen fixation, phytohormone synthesis and pest 

suppression. ZSB use improves crop productivity and nutritional 

quality, reduces chemical fertiliser dependence and aligns with 

SDGs 2 (Zero Hunger), 13 (Climate Action) and 15 (Life on Land). 

Microbial biofortification thus offers a cost-effective, sustainable 

path to better soil health, nutrition and environmental resilience.  
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