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Abstract: Cyanobacteria, photosynthetic prokaryotes, have gained attention as a promising bio - based method for enhancing soil 

fertility and sustainable agriculture. This review examines trends in utilizing Cyanobacteria to boost soil fertility, emphasizing 

innovations and future directions. Cyanobacteria perform nitrogen fixation, phosphorus solubilization, produce plant growth 

promoters, and improve soil structure. Progress in microbial biotechnology and soil ecology has expanded our understanding of 

Cyanobacteria's role in soil fertility. Innovative strategies, including engineered strains and consortia - based biofertilizers, are 

widening their agricultural applications. A mixed - methods approach assessed Cyanobacterial biofertilizers through field experiments 

and laboratory analyses. Treatments with Anabaena variabilis and Nostoc muscorum showed improvements in soil nutrients, plant 

growth, and microbial activity compared to control and chemically fertilized soils. These results demonstrate Cyanobacteria's potential 

as effective biofertilizers, offering a sustainable alternative to synthetic inputs. Future research should focus on validating these 

biofertilizers at larger scales, enhancing strain traits, and developing consortia - based solutions for specific crops and soils. This study 

offers insights into Cyanobacteria's potential in sustainable soil management for food security challenges. 
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1. Introduction 
 

The rising global need for food production calls for 

sustainable farming methods that can boost soil fertility 

while reducing dependence on synthetic fertilizers, which 

pose significant environmental issues. Among the promising 

bio - based alternatives, Cyanobacteria, a diverse group of 

photosynthetic prokaryotes, have gained increasing attention 

for their potential to enhance soil health and plant growth. 

These microorganisms naturally occur in various soil 

environments, particularly in rice paddies and arid regions, 

and possess unique capabilities such as nitrogen fixation, 

phosphorus solubilization, production of plant growth - 

promoting substances, and improvement of soil structure. 

Introducing Cyanobacteria to enrich soil nutrients and form 

biological soil crusts (BSCs) is considered an effective 

approach for restoring degraded soil (. l. Zhou et al.2024) 

These bioactive substances can boost seed sprouting, root 

development, and the overall vitality of plants. Biofertilizers 

derived from microalgae have demonstrated encouraging 

outcomes in a range of crops, such as grains, vegetables, and 

fruits. Additionally, incorporating microalgae into 

agriculture can support sustainable farming methods by 

decreasing dependence on synthetic fertilizers and 

pesticides. (Guo et al.2020). To create microparticles and 

explore safer methods for developing genetically enhanced 

cyanobacteria with unique characteristics that could serve as 

promising candidates for nanoparticle production 

(Govindasamy et al.2022) The use of Cyanobacteria in soil 

restoration has shown promising results in enhancing soil 

structure and promoting plant growth. These 

microorganisms can establish mutually beneficial 

associations with plants, supplying them with vital nutrients 

and shielding them from harmful pathogens. Additionally, 

the ability of genetically engineered Cyanobacteria to 

produce nanoparticles presents new possibilities for their use 

in agriculture and environmental cleanup. The potential 

applications of genetically enhanced Cyanobacteria extend 

beyond soil restoration and plant growth promotion. These 

modified microorganisms could be engineered to produce 

specific nanoparticles with tailored properties for targeted 

agricultural or environmental purposes. Furthermore, the 

development of safer methods for genetic enhancement may 

lead to more widespread acceptance and implementation of 

this technology in various sectors. (Nawaz et al.2024)  

 

The fertility of soil is essential for sustainable agriculture, as 

it greatly impacts crop production, ensures food security, 

and supports the health of ecosystems. Unfortunately, the 

quality of soil around the world is declining due to intensive 

farming methods, the overuse of chemical fertilizers, and 

land degradation. This situation demands the adoption of 

alternative, eco - friendly strategies to restore and maintain 

soil fertility. Increasingly, Cyanobacterial species are being 

used as bio - inoculants to enhance biological nitrogen 

fixation and produce bioactive compounds such as 

phytohormones, polysaccharides, siderophores, and 

vitamins, all of which contribute to improved plant growth 

and higher productivity. (Álvarez et al.2023). Cyanobacteria 

interact with various microorganisms, such as bacteria, 

fungi, and microalgae, playing an essential role in nutrient 

cycling. The mucilaginous layer of cyanobacteria, rich in 

nutrients, provides a supportive environment for 

heterotrophic organisms, aiding in the creation of engineered 

biofilms that boost soil fertility. . (Prasanna et al.2021). 

Utilizing genetically altered Cyanobacteria for nanoparticle 

production could significantly enhance their function as bio - 

inoculants in agriculture. These nanoparticles have the 

potential to improve nutrient delivery, boost the efficiency 

of plant nutrient absorption, and provide additional benefits 

for soil health and crop productivity. Moreover, integrating 
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nanoparticle - generating Cyanobacteria into engineered 

biofilms could lead to more robust and multifunctional soil 

amendments, effectively addressing various aspects of soil 

fertility and environmental restoration simultaneously. 

(Govindasamy et al.2022)  

 

Cyanobacteria possess an extraordinary ability to extract 

nitrogen from the air, dissolve phosphorus, secrete growth - 

promoting substances, and improve soil structure through 

the production of extracellular polysaccharides. These varied 

functions not only support plant growth but also contribute 

to the rehabilitation of degraded soils, particularly in arid 

and semi - arid areas. (Hooda et al.2023) Moreover, 

Cyanobacterial biofertilizers offer an environmentally 

friendly and cost - efficient alternative to synthetic inputs, 

aligning with global efforts to promote regenerative 

agriculture and reduce the environmental footprint of 

modern farming practices,  

 

Recent progress in microbial biotechnology, genomics, and 

soil ecology has deepened our comprehension of how 

Cyanobacteria contribute to soil fertility. The field of 

synthetic biology, a growing sector in algal biotechnology, 

has led to a significant rise in the effectiveness of molecular 

tools for studying Cyanobacteria. New techniques are now 

available for transformation, genetic engineering, and 

regulation, offering promising applications. (Gale et al.2019) 

Cutting - edge strategies, including the creation of 

engineered strains, biofertilizers based on consortia, and 

comprehensive soil - crop management systems, are 

expanding the scope of Cyanobacterial use in agriculture. 

The use of recombinant technology for genomic integration 

supports the enhancement of beneficial traits in microalgae 

and cyanobacteria, which can be applied to boost soil 

fertility and health. (Abinandan et al.2019) Even with these 

encouraging advancements, numerous challenges persist, 

such as the specificity of strains, scalability, uniformity in 

field performance, and the frameworks for regulation.  

 

This review focuses on summarizing the latest developments 

in enhancing soil fertility using Cyanobacteria, emphasizing 

significant innovations, practical uses, and future research 

paths. By addressing knowledge gaps and examining new 

technologies, this study aims to offer a thorough perspective 

on the potential of Cyanobacteria as a fundamental element 

of sustainable soil management strategies. It also explores 

innovative methods currently being researched and applied 

to leverage Cyanobacteria's ability to improve soil fertility. 

The review will investigate the processes through which 

Cyanobacteria enhance nutrient availability and soil health, 

highlighting recent progress in their use as biofertilizers. 

Additionally, this study critically examines current trends in 

Cyanobacteria research related to soil fertility enhancement 

and their integration with other beneficial microorganisms. 

Finally, the review discusses future directions and research 

opportunities that could further optimize the use of 

Cyanobacteria as a sustainable solution for enhancing soil 

fertility and promoting environmentally friendly agricultural 

practices amid increasing global food security challenges.  

 

 

 

 

2. Method 
 

The study adopted a mixed - methods approach to examine 

the role of Cyanobacterial biofertilizers in enhancing soil 

health and fostering sustainable agricultural practices. By 

integrating both quantitative and qualitative analyses, the 

research aimed to deliver a comprehensive understanding of 

the use of Cyanobacteria in soil management. Field 

experiments were conducted across a range of soil types and 

climatic conditions to determine the effects of 

Cyanobacterial inoculation on soil nutrient levels, microbial 

diversity, and crop yields. In addition, laboratory 

investigations were undertaken to explore the molecular 

interactions between Cyanobacteria and soil 

microorganisms, as well as their impact on nutrient cycling.  

 

2.1 Cyanobacterial Strains 

 

I carried out both field experiments and laboratory tests to 

gather comprehensive data on the impact of these 

biofertilizers: Anabaena Variabilis and Nostoc muscorum.  

 

These strains were obtained from a certified algal culture 

collection and maintained in BG - 11 medium under 

controlled laboratory conditions.  

 

2.2 Experimental Design 

 

The experimental setup featured control plots that did not 

receive Cyanobacterial inoculation, alongside plots treated 

with Anabaena variabilis, Nostoc muscorum, and a 

combination of both strains. Each treatment was replicated 

five times using randomized blocks to reduce environmental 

variability. Soil samples were periodically collected 

throughout the growing season to evaluate changes in 

nutrient content, microbial community composition, and 

enzymatic activities.  

1) Control (no fertilizer)  

2) Chemical fertilizer (recommended NPK dose)  

3) Anabaena variabilis inoculation  

4) Nostoc muscorum inoculation.  

 

Each treatment was conducted in five replicates. Maize (Zea 

mays) seeds were sown, and their development was 

monitored for a duration of eight weeks.  

 

2.3 Parameters Measured 

 

soil analysis: The soil analysis involved measuring total 

nitrogen, available phosphorus, organic carbon, pH levels, 

and microbial biomass.  

 

Plant Growth: Assessments were conducted on the rate of 

germination, the lengths of shoots and roots, and the dry 

weight of biomass.  

 

Microbial Activity: The evaluation of dehydrogenase and 

phosphatase enzyme activities was conducted.  

 

The data underwent statistical analysis using ANOVA and 

Tukey’s test, with a significance threshold set at p < 0.05.  
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A thorough review of existing literature was carried out to 

identify current studies and highlight gaps in knowledge 

regarding the application of Cyanobacterial biofertilizers and 

their effects on improving soil health. The experimental 

setup involved several treatment groups to evaluate the 

influence of various biofertilizer formulations on maize 

growth and soil attributes. Observations were made at 

consistent intervals over an eight - week duration to monitor 

changes in plant growth and soil conditions. This detailed 

methodology, integrating soil analysis, plant growth 

measurements, and evaluations of microbial activity, sought 

to offer a comprehensive insight into the effects of 

biofertilizers on the maize - soil ecosystem.  

 

3. Results 
 

3.1 Soil Fertility Improvement 

 

Implementing both Cyanobacterial treatments resulted in a 

significant improvement in soil nutrient content when 

compared to the control group.  

 

Anabaena variabilis led to a 25% rise in total nitrogen, a 

12% increase in available phosphorus, and a 5% boost in 

organic carbon content.  

 

Nostoc muscorum exhibited a 33% rise in nitrogen levels, a 

21% boost in available phosphorus, and an 8% enhancement 

in organic carbon content.  

 

While the soil pH levels remained stable, the organic carbon 

content in soils treated with Cyanobacteria rose by up to 

15%. Conversely, soils subjected to chemical treatments 

became more acidic, highlighting the effectiveness of 

Cyanobacterial applications in boosting soil fertility, 

especially regarding nitrogen and phosphorus availability. 

The rise in organic carbon content indicates an enhancement 

in soil structure and microbial activity, both vital for the 

long - term health of the soil. The stability of soil pH in 

Cyanobacterial treatments, as opposed to the acidification 

seen in chemically treated soils, suggests a more sustainable 

method of soil management.  

 

3.2 Plant Growth Enhancement 

 

Maize plants that received Cyanobacteria treatment 

exhibited enhanced growth traits.  

 

The germination rate was comparable to that of the control 

group, surpassing both the soils treated with Cyanobacteria 

and those treated with chemicals.  

 

Interestingly, the lengths of both shoots and roots were 

significantly longer, particularly within the Anabaena group.  

 

The Anabaena treatment led to the greatest dry biomass, 

surpassing that of the chemical fertilizer group, suggesting 

that Cyanobacterial treatments could be a viable alternative 

to chemical fertilizers for enhancing plant growth. The noted 

increase in shoot and root lengths in the Anabaena group 

implies that this Cyanobacterial species may have unique 

growth - promoting characteristics. Further research is 

needed to identify the mechanisms behind these growth 

enhancements and to explore the potential of other 

Cyanobacterial species in agricultural applications.  

 

3.3 Microbial and Enzymatic Activity 

 

In soils where biofertilizers were applied, there was a 

significant rise in dehydrogenase and phosphatase activities, 

indicating an increase in microbial activity and nutrient 

cycling. This boost in enzyme activity likely played a role in 

the enhanced plant growth seen in soils treated with 

Cyanobacteria. The heightened dehydrogenase activity 

reflects greater microbial respiration and overall metabolic 

processes in the soil. Moreover, the increased phosphatase 

activity points to more effective phosphorus cycling, which 

could make this vital nutrient more accessible for plant 

absorption.  

 

Table 1: Experimental Design and Treatments 
Treatment Group Description 

Control No fertilizer applied 

Chemical Fertilizer Recommended NPK dose 

Cyanobacterial 

Treatment 

Anabaena variabills (Inoculation) 

Biofertilizer treatment 

Nostoc muscurum (Inoculation) 

Biofertilizer treatment 

  

Table 2: Soil Fertility parameters after 8 weeks 

Treatment 
Total Nitrogen 

(%) 

Available 

Phosphorus 

Organic 

Carbon 
Soil pH  

Control Baseline low Moderate Stable 

Chemical 

fertilizer 
+10% +14% +5% Acidic 

Anabaena 

variabilis 
+25% +12% +5% Neutral 

Nostoc 

muscurum 
+33% +21% +8% Neutral 

 

Table 3: Plant Growth Parameters (Zea mays) after 8 weeks 

Control 
Germination 

Rate % 

Shoot 

Length 

Root  

Length 

Dry Biomass  

(gm/Plant)  

Control Normal Normal Normal 18gm 

Chemical 

fertilizer 
30% 14cm 5cm 27gm 

Anabaena 

variabilis 
38% 22cm 13cm 28gm 

Nostoc 

muscurum 
35% 18cm 12cm 22gm 

  

4. Discussion 
 

The findings underscore the potential of Cyanobacteria as 

effective biofertilizers that can boost soil fertility and 

support plant growth. Their capacity to fix nitrogen and 

generate PGPS is vital for crop development. Moreover, the 

rise in enzyme activity suggests an increase in beneficial soil 

microorganisms.  

 

In contrast to chemical fertilizers, using Cyanobacteria 

offers a more sustainable option, providing ecological 

advantages like enhanced organic matter and better 

microbial health. These benefits are especially important in 

climate - smart agriculture and regenerative soil practices.  

 

Innovative approaches like genetic modification and 

microbial consortia have the potential to enhance these 
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outcomes. For example, modifying strains to produce genes 

that increase stress resistance or combining Cyanobacteria 

with bacteria that solubilize phosphate could improve 

nutrient accessibility in various field environments. Further 

investigation into the cooperative effects of Cyanobacteria 

with other advantageous microorganisms might reveal new 

opportunities for sustainable farming. Creating advanced 

biofertilizer formulations that include these engineered 

strains and consortia could result in more effective nutrient 

cycling and increased crop yields. These advancements 

could be pivotal in tackling global food security issues while 

also fostering soil health and minimizing the environmental 

impacts linked to traditional fertilization methods.  

 

This study involved both laboratory and field experiments 

using Cyanobacterial strains, specifically Anabaena 

variabilis and Nostoc muscorum, obtained from certified 

algal culture collections. All experimental methods complied 

with institutional biosafety and research ethics guidelines. 

The research did not include human or animal subjects. 

Conducted exclusively for academic and scientific purposes, 

the study adhered strictly to ethical standards pertinent to 

environmental and agricultural research. All data sources 

and literature have been properly acknowledged.  
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5. Conclusion 
 

Cyanobacterium biofertilizers present themselves as 

efficient and sustainable substitutes for synthetic fertilizers, 

contributing to improved soil health and enhanced 

agricultural productivity. Their varied roles, including 

nitrogen fixation, growth enhancement, and microbial 

activation, are essential for ensuring long - term soil fertility 

and ecological harmony. Future research should emphasize 

the large - scale validation of these biofertilizers, the 

enhancement of genetic traits in strains, and the 

development of consortia - based biofertilizers tailored to 

specific crops and soil conditions. To fully exploit the 

potential of Cyanobacterial biofertilizers, studies should 

focus on optimizing their application methods and timing 

across diverse agricultural systems. Furthermore, 

investigating the interactions between Cyanobacteria and 

other beneficial soil microorganisms could lead to the 

creation of more robust and effective biofertilizer 

formulations. Efforts should also be directed towards 

educating farmers on the benefits and proper usage of 

Cyanobacterial biofertilizers to encourage their widespread 

adoption in sustainable agricultural practices.  
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