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Abstract 
The process of converting nitrogen into ammonia in the form of a compound is referred to as biological 
nitrogen fixation. This process is accomplished by various types of nitrogen-fixing bacteria. In this process, 

atmospheric dinitrogen is enzymatically converted into ammonia by nitrogen-fixing microorganisms. These 

nitrogen-fixing bacteria are broadly classified into two groups: symbiotic nitrogen-fixing bacteria and non-
symbiotic nitrogen-fixing bacteria. Within the microbial cells, ammonia is used for the maintenance and 

development of the bacterial cells. These microorganisms produce several enzymes, proteins, and cofactors 

that are essential for the functioning of the key enzyme nitrogenase. This enzyme is capable of reducing 
inert nitrogen molecules to ammonia. The entire process involves the electron transport chain within the 

bacterial cell. Two of the many diverse genera of rhizobia, Rhizobium and Bradyrhizobium, are α-
proteobacterial diazottrophic families that form root nodules through the interaction of symbiotic genes. 

The nitrogen-fixing symbionts of actinophytes are symbiotic rhizobia of the genera Mesorhizobium, 

Sinorhizobium and Bradyrhizobium, such as Azorhizobium. The genera Frankia and Discorrhizobium 
provide drought-resistant forage roots in non-legume actinophytes such as alder and myrica woodlands. 

Frankia actinophytes have the ability to live as sugar and cellulose decomposers in addition to being 

symbiotic with actinophytes. Integrating nitrogen-fixing bacteria into integrated disease management can 
lead to significant plant growth. Research involving the application of biofertilizers in a variety of crops is 

at an interactive level. Nitrogen-fixing bacteria can fix nitrogen from the air into the root zone under both 

free and bonded nitrogen fixation. In some cases, co-inoculation of mycorrhizal spores together with 
nitrogen-fixing microorganisms and Azospirillum strains has shown improvement in plant health. Nitrogen-

fixing bacteria can improve the structure and fertility of soils that have been degraded for various reasons. 

Therefore, nitrogen-fixing bacteria have the potential to be used in environmental remediation processes to 
treat wastewater, human and animal waste, or overcome other disinfection caused by industrial pollutants. 

In environmental nitrogen cycles, the application of nitrogen-fixing bacteria can provide opportunities for 

the accumulation and preservation of organic matter through different particle sizes. However, it is 
necessary to identify nitrogen-fixing bacteria endemic to different ecosystems and study the potential 

biochemical cycles of nitrogen in different sized mineral components. In addition, the efficiency rates of 

chemical remediation should be compared due to potential problems with the development of concentrations 
of these microorganisms in environmental restoration or bioremediation processes over large areas. There 

is hope for the positive development of strategies to eliminate harmful metals in soil and restore potential 

management profits under the green economy policy, with the preferential use of extreme organisms living 
within soil elements, which will contribute to different strategies for the use of nitrogen fertilizers in 

agriculture. 
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Introduction 

Nitrogen-fixing bacteria, a group of heterotrophic and autotrophic prokaryotes, have the ability to transform nitrogen gas in the 

atmosphere to form ammonia through the process of nitrogen fixation. Since at least about 10%–20% of farmland has been 

limited by nitrogen deficiency, the isolation and inoculation of nitrogen-fixing bacteria are becoming more frequently used, and 

the potential of nitrogen-fixing bacteria for eliminating nitrogen limitation from crops, increasing soil fertility, increasing 

agricultural production, and promoting technological transformations, particularly in sustainable agriculture, is drawing 

increased attention (Barney, 2020) [9] (Minamisawa) (Chamoli et al., 2024) [13]. However, abundant nitrogen fertilization due to  
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human activities has increased reactive nitrogen levels in 

soils, water, and the atmosphere, leading to a series of 

ecological and environmental problems, such as leaching of 

nitrate to groundwater and production of nitrogen oxides, so 

nitrogen fertilizers and pesticide nitrification inhibitors need 

to be considered seriously (Mason et al. 2022) [60] (Liu et al., 

2021) [53].  

As some soil and plant root nitrogen-fixing bacteria, 

especially nitrogen-fixer-involved roseobacters under 

Rhodobacterales and rhizobia under Alphaproteobacteria, are 

important representatives with respect to nitrogen fixation in 

the environment, we conducted an intensive review analyzing 

the functions of these nitrogen-fixing bacteria and further 

elaborated the utilization of these bacteria on the soil nitrogen 

cycle and plant growth. Our objective is to help the reader 

better understand the potential environmental function of 

these bacteria. We conclude by discussing the application 

prospects of other special nitrogen-fixing bacteria currently 

receiving attention and summarizing the research progress 

and utilization in the context of nitrogen-fixation products. 

(Zhang et al. 2021) [98] (Liu et al. 2023) [74] (Kim et al. 2024) 
[39].  

 

2. Nitrogen Fixation Process 

Nitrogen is a vital compound for the growth and development 

of living organisms, but due to its relatively inert triple bond, 

atmospheric nitrogen cannot be utilized by plants and 

animals. Nitrogen needs to be converted into a usable form 

by living organisms. This process is completed by two types 

of organisms: one is biological nitrogen fixation via nitrogen-

fixing bacteria, and the other is industrial nitrogen fixation. 

Biological nitrogen fixation is vital for maintaining the 

nitrogen pool in the environment. (Zehr & Capone, 2020) [95] 

(Kebede, 2021) [37] (Ladha et al. 2022) [45] 

Approximately 80% of the total nitrogen in the Earth’s 

atmosphere is converted through the biological nitrogen 

fixation process. The process of converting nitrogen into 

ammonia in the form of a compound is referred to as the 

biological nitrogen fixation process. This process is attained 

by various types of nitrogen-fixing bacteria. In this process, 

atmospheric dinitrogen is enzymatically converted into 

ammonia by nitrogen-fixing microorganisms. These 

nitrogen-fixing bacteria are broadly classified into two 

groups: symbiotic nitrogen-fixing bacteria and nonsymbiotic 

nitrogen-fixing bacteria. Inside the microbial cells, ammonia 

is used for the maintenance and development of the bacterial 

cells. (Soumare et al. 2020) [84] (Zehr & Capone, 2020) [96] 

(Bellenger et al., 2020) [10, 11] 

The mechanism by which the nitrogen fixation process is 

carried out in nitrogen-fixing prokaryotic microorganisms is 

described in this section. These microorganisms produce 

many enzymes, proteins, and co-factors essential for the 

functioning of the major enzyme nitrogenase. This enzyme is 

able to reduce inert nitrogen molecules into ammonia. The 

whole process involves an electron transport chain inside the 

bacterial cell (Bellenger et al., 2020) [10, 11] (Gu & Milton, 

2020) [30] (Lawal 2021) [47]. The nitrogenase enzyme has 

encoded genes in its genome, and for the enzyme to express, 

environmental conditions play a vital role. The different 

ecosystems and their environmental conditions that play a 

crucial role in enzyme expression are discussed. These types 

of nitrogen-fixing microorganisms have potential 

applications in agriculture, horticulture, and floriculture for 

crop productivity. The impact and importance of nitrogen-

fixing microorganisms in maintaining natural ecosystems and 

plants in the biosphere are also discussed. Since the 

introduction of nitrogenase progenitor enzymes, it provides 

evidence for the trades of gene consciousness (Koirala & 

Brözel, 2021) (Ghebreamlak & Mansoorabadi, 2020) [24] 

(Naorem et al. 2022) [64].  

 

2. 1. Biological Nitrogen Fixation 

The ability to convert atmospheric nitrogen to biologically 

available ammonia or ammonium under ambient conditions 

is called "nitrogen fixation." Since the atmosphere consists of 

78% nitrogen, nitrogen is also one of the most abundant 

elements on Earth. However, its subsequent difficulty in 

biological use caused limited ecosystem productivity and 

posed problems when initial life forms on the primitive Earth 

had to assimilate inorganic forms of carbon and nitrogen. The 

microorganisms that fix nitrogen have developed a complex 

nitrogenase enzyme system that can reduce nitrogen into 

many bioavailable compounds under normal temperature, 

pressure, and pH (Soumare et al. 2020) [84] (Bellenger et al., 

2020) [10, 11] (Child, 2021) [15]. Fossil records indicate that 

nitrogen-fixing bacteria have been associating with plants for 

about 1. 4 billion years. As a result, a highly successful 

natural relationship has evolved between such soil 

microorganisms and the plant life they facilitate. The diverse 

biological adaptations of nitrogen-fixing microorganisms and 

alteration of their genetic compatibilities enable fixers to 

maintain dominance in many habitats (Mohr et al. 2021) [62] 

(Libourel et al. 2022) [50] (Gou et al. 2023) [26].  

The best-studied association is that between members of the 

legume family and Rhizobium or Bradyrhizobium species 

that induce root nodule formation. In return, plant roots 

provide shelter and a steady supply of "fixed carbon 

compounds" which are synthesized by the plants themselves 

through photosynthesis. About 90% of the world's biological 

nitrogen fixation results from the symbiotic activities of 

approximately 180 species of rhizobia (Soumare et al. 2020) 
[84] (Goyal et al., 2021) [27, 28] (Ladha et al. 2022) [45]. The free-

living nitrogen-fixing bacteria include species of 

Azotobacter, Beijerinckia, and Clostridium. Modern 

agriculture abounds with leguminous plants contributing to 

soil fertility. For several cultures, pulses, lentils, guar, 

lucerne, clover, and vetch are important sources of proteins, 

oils, and important minerals. The value of nitrogen that they 

annually introduce into the system is extremely important 

(Ambechada & Umrania, 2024) [3] (Aasfar et al. 2021) [1] 

(Mahmud et al., 2020) [58].  

 

2. 2. Mechanisms of Nitrogen Fixation 

A complex biochemical process capable of converting 

nitrogen gas to ammonia is known as nitrogen fixation. The 

enzyme complex responsible for nitrogen reduction is 

nitrogenase, which in symbiotic nitrogen-fixing bacteria is 

found in the infection nodules. Nitrogen gas is reduced by 

nitrogenase to two ammonia molecules and one hydrogen 

molecule. The reduction process of nitrogen to ammonia 

requires four reducing equivalents and six ATP, the most 

expensive known biological reduction reaction in terms of 

energy. (Barney, 2020) [9] (Minamisawa) (Bellenger et al., 

2020) [10, 11] 

Three major mechanisms are used by nitrogen-fixing bacteria 

to supply the large amount of energy and reducing 

equivalents required for the reduction of N2 to ammonia: 

nitrogenase systems in the presence of high-energy 
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substrates; a route for electron transport from free-living 

nitrogenase to the oxygen-tolerant terminal oxidase; 

respiratory protection of nitrogenase systems by coupling the 

fermentation system between the two oxygen-sensitive 

enzymes that play a major role during oxygen-limited 

conditions. The overall process, which includes the 

assimilation of nitrogen, is known as biological nitrogen 

fixation. Ammonia formed from N2 through nitrogen fixation 

can be metabolized to generate amino acids and other 

biologically necessary nitrogen compounds through four 

metabolic pathways that lead to organic nitrogen. (Soumare 

et al. 2020) [84] (Kebede, 2021) [37] (Bellenger et al., 2020) [10, 

11] 

Several environmental and biological factors influence 

nitrogen fixation in terms of efficiency. For instance, within 

the broad temperature range between 5 to 40 °C, optimal N2-

reducing nitrogenase levels are reported under low-

temperature conditions. The availability of divalent transition 

metals must be maintained for maximum nitrogenase activity 

in nitrogen-fixing bacterial systems. A significant 

characteristic of nitrogen-fixing prokaryotes in symbiotic 

association with host organisms is their ability to assimilate 

nitrogen, which is reduced in the form of ammonia. (Soumare 

et al. 2020) [84] (Lindström & Mousavi, 2020) [51] (Kebede, 

2021) [37] 

 

3. Types of Nitrogen-fixing Bacteria 

Nitrogen-fixing microorganisms can be classified as either 

free-living or symbiotic bacteria based on their ecological 

niches. Free-living nitrogen-fixing bacteria are independent 

and can fix nitrogen on their own. These include aerobic N2-

fixing filamentous cyanobacteria and the well-known 

oxygen-sensitive N2-fixing bacteria that exist in anaerobic 

systems such as cyanobacteria, green sulfur bacteria, purple 

bacteria, and methanogens (Khan et al. 2021) [17] (Panda et 

al., 2021) [73] (Liang et al., 2022) [4]. Symbiotic bacteria live 

in close relationships and form mutualism with plants. They 

have a wide range of hosts as they are widely distributed in 

legumes, actinorhizae, casuarina, wild sugarcane, Pandanus, 

non-legumes, and other plants. Nitrogen-fixing bacteria play 

a unique role in establishing a good ecological relationship 

with the dominant plants. By secreting nitrogenase and 

leghemoglobin in the nodules, the plants can absorb and 

perform enzyme fixation so that the atmospheric nitrogen can 

be converted into ammonium nitrogen that plants can use. 

Biological nitrogenase reduces N2 and converts it into 

ammonia (NH3), which is used for nutrient nitrogen fixation 

in plants (Mahmud et al., 2020) [58] (Liu-Xu et al. 2024) [55] 

(Huang, 2024) [33].  

During plant growth, legumes and actinorhizae excrete 

hydroxy acids, amino acids, and organic acids, which not 

only provide a nutrient source for Rhizobium and Frankia 

vesicles but also contribute to the tricarboxylic acid and 

glycolysis pathways. In the mid-1950s, researchers found that 

at least ten species of non-leguminous plants could establish 

N2-fixing nodules, and dozens of non-legumes established 

N2-fixing nodules in nature together with ARA 

Pseudomonas. Most of these are found in the Casuarinaceae 

family, where the microorganisms used are Frankia 

(Dheeman and Maheshwari 2022) [16, 77] (Etesami and Jeong 

2022) [21] (Naqqash et al. 2024) [65]. So far, in addition to the 

above-mentioned families, some families such as 

Cucurbitaceae and Myricaceae have been found to fix 

nitrogen in the roots of their own plants. The second situation 

is that the operators of nitrogen-fixing systems only contain 

heterogeneous nodules. In the environment, the number and 

distribution of nitrogen-fixing systems are related to factors 

such as sampling methods, ecological experts, regions, host 

species, plant types, and plant enumeration. Some reports 

believe that nitrogen-fixing systems should not be included 

in the host plants, but because they are an important 

biological component, some experts count them separately 

from the host plants. Nitrogen-fixing systems play a unique 

role in maintaining the survival and improvement of some 

host plants. Nitrogen-fixing nitrogen fixation in natural 

ecosystems is effective in enriching the soil organic matter 

and maintaining the stability of an ecosystem (White et al. 

2021) [90] (Zeng et al., 2024) [97] (Aoyagi et al., 2022) [4].  

Free-living N2-fixing bacteria have pigments and can 

perform photosynthesis due to the existence of 

chromophores. Moreover, free-living N2-fixing bacteria 

have ribulose bisphosphate carboxylase. Ribulose-1,5-

bisphosphate can be decarboxylated by carboxylic acid to 

produce 2-PGA, and N2-fixing bacteria have other unique 

carbon-fixing enzymes. Many researchers have found that 

some free-living N2-fixing bacteria containing chlorophylls 

are spatially mobile in the presence of light, while 

sedimentation occurs in the absence of light (Jacob-Lopes et 

al., 2020) [34] (Eckardt et al. 2024) [19] (Krauspe et al. 2021) 
[42]. Actively metabolizing chromatic effects are relatively 

less responsive to chemical activity. Hemerythrins that are 

nodule bacteria also contain few hemerythrins in their 

bacteriochlorophylls. These nodule bacteria with 

rhodochlorinase can induce the formation of pink nodules on 

the roots of their host plants. The pink nodules are dull and 

are not self-luminous at night; chlorophyll fluorescence is not 

observed. ARA Rhizobia in any phylogenetic division can 

withstand dryness and ultraviolet irradiation because they 

form spores and other stress-resistant tissues. Nitrogenase 

media can be promoted by ultraviolet light, but the frequency 

of auxiliary extra-symbionts forming nodules is greatly 

reduced (Ferrando Molina, 2021) [22] (Krishna, 2024) [43] 

(Velip, 2022) [87].  

 

3. 1. Free-living Bacteria 

Some bacteria have the capability to fix atmospheric nitrogen 

in aerobic conditions and can live freely in the environment. 

These free-living N-fixers pass their entire life cycle in the 

absence of plants, meaning they do not require association 

with host plants for survival. Several free-living N-fixers 

have been identified, which can grow and fix nitrogen in both 

plant root-mediated and non-root-mediated conditions (Pang 

et al. 2023) [74] (Yan et al. 2022) [93]. Genera like Azotobacter 

and Clostridium are well-studied groups of free N-fixers. 

Adaptation of Free-living Bacteria: These soil 

microorganisms are free-living autotrophs in some cases and 

hence adapt easily to various environmental conditions. They 

can live in aerobic decomposing soil rich in organic matter, 

denitrifying anaerobic conditions, organic and inorganic 

heavy-metal contaminated sites, and fresh and saltwater 

bodies. Ecological Importance of Free-living N-fixing 

Bacteria: Free-living N-fixers contribute to soil fertility and 

often significantly enhance crop production. These free N-

fixers may deplete soil nitrogen reserves rapidly; that is why 

they are usually applied with a quick catch crop or with some 

nitrogen-containing fertilizers. They may also work as 

scavengers and maintain a small quantity of H2 in free-living 

environments at many new sites of H2-oxidizing 
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chemotrophy (TOLANGI, 2022) [86] (Grover et al. 2023) [29] 

(Malik et al., 2020) [59]. Nitrogen Assimilation: Free-living 

bacteria assimilate NH4+ in such forms from the soil. In some 

bacteria, the enzyme glutamate dehydrogenase can transfer 

nitrogen from glutamate to glucose in the TCA cycle. Such 

microbes are aerobes and require oxygen and high redox 

potential for N2 fixation. Future Prospects and 

Constraints/Limitations: Therefore, many free-living N-

fixing organisms with potential use in biofertilizers are still 

to be discovered. Free-living N-fixers may operate in the soil 

environment under very different circumstances. These soil 

bacteria face competition with other free-living bacteria and 

organisms like protozoa. Although the ability of some N-

fixers to adapt in such an environment may be an advantage, 

competition with other N-fixers would restrict available 

niches. One of the theoretical consequences of such 

adaptations could be extinction. There is sufficient evidence 

to suggest that a significant N-fertilization effect can be 

obtained over a range of agronomic systems using N-fixers 

(Zhu et al. 2023) [100] (Ojija and Aloo 2023) [68] (Arya et al) 
[6].  

 

3. 2. Symbiotic Bacteria 

Symbiotic nitrogen-fixing bacteria are in close relationship 

with host plants. Developing within the host, the parasitic 

nature of the diazotrophic bacteria is minimal. The 

associations of nitrogen-fixing bacteria with their host plants 

are ancient and species-specific. The evolution of host plants 

is considered to be an important factor affecting the evolution 

of bacterial symbiotic genes. The associations between 

legume plants and soil bacteria that nodulate in the roots of 

host plants to form red-pigmented root nodules contain 

nitrogen-fixing bacteroids in the plant cells and specialized 

structures for nitrogen fixation called nodules to breathe in 

air. (Kawaka, 2022) [36] (Elhady et al., 2020) [20] (Sharma et 

al. 2023) [80]. 

Two of the many diverse genera of rhizobia, Rhizobium and 

Bradyrhizobium, are α-proteobacterial diazotrophic families 

that form root nodules by the interaction of symbiotic genes. 

Nitrogen-fixing nodule symbionts in the actinorhizal plant 

are symbiotic genera of rhizobia: Mesorhizobium, 

Sinorhizobium, and Bradyrhizobium, such as Azorhizobium. 

Frankia and Discorrhizobium genera introduce drought-

tolerant forage roots in non-legume actinorhizal plants such 

as alder and myrica forest. An actinorhizal Frankia has the 

ability to live as a saccharide and cellulose decomposer in 

addition to being symbiotic with actinorhizal plants (Barabi, 

2022) [8] (Rajkumari et al. 2022) [77] (Xavier et al. 2023) [92]. 

Bacteria that have symbiotic genes have molecular plant-

specific nodulation factors. The formed nodule may be 

divided into a-celled nodules containing non-functional 

bacteroids in actinorhizal plants, some tropical legumes and 

further eudem as legumes. Elaeagnus rich tribes, Fabaceae, 

and Byrsonimoideae make a multilayered nodule envelope 

and lethal cells in the initial part of the nodule (Singh & 

Verma, 2023) [82] (Goyal et al., 2021) [27, 28] (Kovács et al. 

2022) [41]. A portion of the nodules in Rhizobium-legume 

housings are at least 27 plant families from Papilionoideae, 

including Fabaceae and other suborders. Many important 

grain legumes, including soybean, peanut, chickpea, bean, 

lentil, spotted vetch, and other plants, infect common bacteria 

that can increase soil fertility by symbiotic nitrogen fixation. 

The use of symbiotic transformation technology is to increase 

the use of host plants to decrease the amount of commercial 

nitrogen fertilizer needed to maximize yields of grain 

legumes, vegetables, and green manure. The soft type of peat 

that produces only 1,000 volumes of perennial farm crops is 

not due to mutations; if not, the reality will completely cover, 

and bacteria will only leave stalked colony spots to recover 

(Yuvaraj et al. 2020) [94] (Huang, 2024) [33] (Kaschuk et al. 

2022) [35].  

 

4. Applications in Agriculture 

In the previous section, the role of nitrogen-fixing bacteria as 

producers of growth-promoting hormones and epidemic-

controlling substances was described. This section describes 

the application of nitrogen-fixing bacteria in agricultural 

practices. The prime role of these bacteria lies in improving 

soil fertility along with decreased dependence on chemical 

nitrogen fertilizers. There is an increasing demand for organic 

production of agricultural produce (Aasfar et al. 2021) [1] 

(Pahalvi et al. 2021) [71] (Lan et al. 2023) [46]. The use of 

biofertilizers, which contain a large variety of nitrogen-fixing 

bacteria, such as Azotobacter spp., Azospirillum spp., 

Bacillus spp., Acetobacter spp., and Clostridium spp., along 

with other bacterial strains with phosphate solubilizing, 

potassium releasing, and zinc solubilizing potential, can be 

seen as a substitute for chemical fertilizers. The incorporation 

of nitrogen-fixing bacteria into integrated disease 

management can lead to significant growth of plants. The 

research involving the application of biofertilizers in a variety 

of crops is at a reactive level. The nitrogen-fixing bacteria can 

fix nitrogen from the air to the rhizosphere under free-living 

as well as associative nitrogen fixation. In some cases, the co-

inoculation of mycorrhizal spores along with nitrogen-fixing 

microorganisms and Azospirillum strains also showed 

improvement in plant health. These adapted cultures, through 

mineralization, decomposition, and nitrification, fixate the 

gaseous inorganic nitrogen to nitrogen compounds in the soil, 

making it much more fertile (Zhang et al., 2021) [98] (Arsita 

et al. 2020) (Mahmud et al., 2020) [58]. However, the 

production of the Rhizobium mass culture cannot achieve 

breakeven points for a long time, and the cost of production 

is not very compatible. Biological nitrogen fixation does 

contribute to plant yield and sustainable agriculture. 

Therefore, to overcome the problems, it is required to select 

inexpensive nitrogen-fixing bacteria that are not affected by 

these issues. Currently, forage and fodder legumes, grain 

legumes, pulse crops, sugar crops, and some oil crops are 

included for the utilization of biofertilizers. Excess nitrogen 

is also toxic to the crops. Therefore, farmers are always 

advised to use biofertilizers rich in these associative 

symbiotic and free-living bacteria. In addition, sparingly 

applied chemical fertilizers can also be used. Only then can 

the heavy outputs of the plant products be achieved (Soumare 

et al. 2020) [84] (Kebede, 2021) [37] (Palmero et al. 2022) [72].  

 

4. 1. Biofertilizers 

Biofertilizers containing nitrogen-fixing microorganisms 

such as Rhizobia, Azospirillum, Azotobacter, and Bacillus, 

in addition to phosphate-solubilizing bacteria, are useful in 

agricultural systems. They may contain compatible strains of 

effective nitrogen-fixing bacteria as multi-strain formulations 

or a single potent strain. The synergy of enriched bacterial 

mixtures is generally acknowledged to improve growth 

responses in practical settings. Mixed bioinoculants are more 

efficient than single bioinoculant strains, likely due to their 

complementary strains and versatile functions. The 
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application of a considerable quantity of multi-bacterial 

formulations can lead to a more fully functioning 

rhizosphere. (Kumaar et al. 2020) [42] (Soumare et al. 2020) 
[84] (Aasfar et al. 2021) [1] 

There are numerous advantages to using biofertilizers, 

including the ability to improve soil health, increase crop 

yield, and decrease environmental pollution by chemical 

fertilizers. Biofertilizers are delivered directly to grains as 

seed inoculants in agriculture, especially for leguminous 

plants due to a well-documented plant-microbe symbiotic 

association, which is widely applied as biofertilizers in 

legumes. Biofertilizers offer a simple promise and are already 

useful in agriculture due to the additional benefit of free-

living nitrogen fixers. Various application methods for 

effective nitrogen-fixing biofertilizers have been reported for 

ginger, cassava, and other non-legume crops, such as soil 

application (Chaudhary et al. 2022) (Murugaragavan 

Ramasamy & Yuvaraj, 2020) (Mahmud et al. 2021) [57]. In a 

field experiment on hard red winter wheat, exposure to the 

nitrogen-fixing bacterium Azospirillum elevated grain yields. 

The nitrogen-fixing bacterium Azospirillum is a soil-

dwelling, nitrogen-fixing bacterium that has been widely 

researched for its potential to improve plant growth and yield 

as a biofertilizer. In addition, it has been found to help 

increase the zinc, potassium, and sulfur content of the grains. 

Few studies have compared the use of biofertilizer-enhanced 

single strains to chemical fertilizers to determine if they are 

more efficient than chemical fertilizers. The most important 

limitation when utilizing non-sterile inoculants for 

biofertilizers is the capacity to accumulate unfavorable or 

ineffective strains that can influence the reactions on various 

crops. The effective formulation and self-storage of 

biofertilizers are more complex, and quality control is a 

barrier in the established world. The Rhizobium inoculant's 

use in legume crops in soil, such as nitrogen-fixing 

properties, is classified broadly for nitrogen strains: mixed 

biofertilizers containing environmental indigenous strains 

and introduced strains are described (Dolkhani et al. 2022) 
[18] (Raffi and Charyulu 2021) [76] (Płaza et al. 2022) [75].  

 

4. 2. Crop Improvement 

Recent advances in our understanding of PGPR have led to 

the development of advanced technologies resulting in rapid 

crop improvement as focused by the fundamental findings. In 

contrast to the application of free-living nitrogen-fixing 

bacteria in the soil, the nitrogen-fixing bacteria putative 

symbionts related to the specific crop plant genotype have 

been studied extensively to improve crop productivity 

through an increase in plant nitrogen nutrition (Aasfar et al. 

2021) [1] (Mahmud et al., 2020) [58] (Din et al. 2021) [17]. 

Recent notable advances in our understanding of the benefits 

of plant-virgin rhizobial, plant-AMF, and nitrogen-fixing 

bacteria related to the specific plant variety have enabled the 

successful enhancement and utilization of these microbes to 

improve fertilizer P use efficiency and to fix N in a variety of 

crop plant species to different extents (Tang et al., 2020) [85] 

(Aasfar et al. 2021) [1]. To date, soil selection is one major 

method to select compatible phosphorus-solubilizing 

micronutrient-releasing nitrogen-fixing bacteria for 

inoculating crop plants. In addition, most research efforts 

have focused on the fundamental molecular, ecological, and 

biotechnological research in rhizobial and AMF relationships 

to develop genetically modified crops that can form efficient,  

benign AMF and N2-fixing nodule symbioses with the 

addition of economical and ecological sustainability. At 

present, several field investigations and empirical reports 

involving experimental fields would empirically validate the 

efficacy, effectiveness, and potential applications of 

rhizobial, AMF, and N2-fixing bacteria in various crops 

(Sepp et al. 2023) [78] (Shi et al., 2023) [81] (Lipa & Janczarek, 

2020) [52].  

The utilization of environmentally hardy N2-fixing bacterial 

strains helps address water and nutrient stresses for 

improving plant crops such as chickpeas, lentils, sabza, 

acacia plants, Pongamia, and other agroforestry tree plant 

species in the revised climate and environment. Ultimately, 

these crops also have the potential to become climate-

resilient and commercialized following the developmental 

improvements of several genotypes/responses across field 

trials. Reducing environmental pollution and greenhouse gas 

emissions from non-point sources is a quick solution that N2-

fixing bacteria have contributed significantly to in crop 

systems. The mode of application, productivity increase, and 

genotypes of crops that improve food security are important. 

(Shalaby et al. 2023) [79] (Win et al. 2023) [91] (Giller et al., 

2024) [25]. 

 

5. Applications in Environmental Remediation 

In order to improve the effectiveness of biogeochemical 

remediation of contaminated ecosystems, researchers have 

been attempting to identify microorganisms that fix nitrogen 

or associate with such microorganisms. Nitrogen-fixing 

bacteria can improve the structure and fertility of soils that 

have been degraded for various reasons. Therefore, nitrogen-

fixing bacteria have the potential to be used in environmental 

remediation processes to treat wastewater, human and animal 

waste, or overcome other decontaminations caused by 

industrial pollutants. The biogeochemical cycle of nitrogen 

includes gas-gas interfaces, gas-water interfaces in the 

dissolved or suspension state, liquid-solid interfaces, rock-

water interfaces, and liquid-solid-biological interfaces at the 

mineral, organic, and inorganic phases of ecosystems. The 

combination and status of different nitrogen cycles in 

ecosystems allow for precision farming, minimization of 

nitrogen nutrients entering watercourses, treatment of 

nitrogen wastewater, nitrogen recovery, and maintenance of 

the global nitrogen balance. (Li et al., 2022) (Huang, 2024) 
[33] (Shi et al., 2023) [81]. 

In environmental nitrogen cycles, the application of nitrogen-

fixing bacteria can provide opportunities for organic matter 

accumulation and preservation through different particle 

sizes. However, it is necessary to identify the nitrogen-fixing 

bacteria endemic to different ecosystems and to study 

possible nitrogen biogeochemical cycles in varying size-

specific mineral components. In addition, the efficiency rates 

must be compared for chemical treatment because of the 

potential problems with developing concentrations of these 

microorganisms in environmental restoration or 

bioremediation processes over broad areas. There is hope for 

the positive development of strategies to eliminate harmful 

soil metals and recover possible management profits under a 

green economy policy, preferentially using extremophiles 

that live within soil elements, which will contribute to 

different strategies for nitrogen fertilizer use in agriculture. 

(Harindintwali et al. 2022) [31] (Song et al., 2022) [83] 

(Alleman & Peters, 2023) [2] 

 



International Journal of Medical and All Body Health Research www.allmedicaljournal.com 

 
    183 | P a g e  

 

5. 1. Bioremediation of Contaminated Soils 

Nitrogen is commonly one of the limiting nutrients for plant 

production. Biologically inert forms of nitrogen, such as the 

molecular nitrogen in the air, can be fixed through nitrogen 

fixation to form biologically active nitrogen. Nitrogen-fixing 

bacteria are an important part of the soil microbiome. They 

can fix molecular nitrogen in the air into a biologically active 

form, and thus become a valuable resource in the recovery of 

certain nutrients needed for the site. At the same time, 

nitrogen-fixing bacteria produce various secondary 

metabolites and a large number of enzymes, including lipase, 

which establishes a large community of microorganisms 

around them, accelerating the recovery of the microbial 

ecosystem in contaminated sites and promoting a series of 

nutrient cycling processes. In addition, nitrogen-fixing 

bacteria can fix significant amounts of carbon into the soil 

and have a wide range of ecological benefits, such as 

improving the structure and stability of soil ecosystems, 

alleviating acid in soils, and strengthening the ability of 

plants to resist stress, promote crop growth, and improve soil 

structure and fertility in damaged soil ecosystems caused by 

pollution. (Sepp et al. 2023) [78] (Mahmud et al., 2020) [58] 

(Wassermann et al. 2023) 

In addition, some nitrogen-fixing bacteria and their 

corresponding genetic components have been shown to play 

important roles in the biodegradation of pollutants and have 

repaired contaminated sites containing heavy metals, crude 

oil, polycyclic aromatic hydrocarbons, pesticides, and 

dioxins. In most studies to date, nitrogen-fixing bacteria have 

been used in conjunction with biostimulation, bio-

augmentation, or PSM to strengthen soil systems and restore 

soil health. Industrially, the use of nitrogen-fixing bacteria in 

agriculture has received more and more attention. Although 

the application of nitrogen-fixing bacteria in the field of soil 

remediation is not common, more and more studies are 

starting to pay attention to its relationship with 

bioremediation. In terms of the growth and development of 

plants, nitrogen-fixing bacteria have beneficial effects in the 

processes of promoting root growth in microorganisms and 

increasing the nitrogen source supply of plants. In addition, 

nitrogen-fixing bacteria contain symbiotic nitrogen fixation 

and free-living nitrogen fixation. Although the inoculation 

results of the two types of nitrogen-fixing bacteria bio-

augmentation were compared, since it is not the focus of this 

review, how to use two different nitrogen-fixing bacteria for 

specific remediation scenarios still needs to be studied 

further. (Bansal & Tanveer, 2024) [7] (Fouad et al. 2022) [23] 

(Hu et al. 2023) 

 

5. 2. Wastewater Treatment 

Wastewater is one of the most significant products in our 

daily life and industrial field, mainly containing organic 

pollutants and a large number of nitrogenous compounds, 

such as ammonia nitrogen and nitrate nitrogen. The 

occurrence of these nitrogenous compounds contributes to 

eutrophication in the aqueous environment and is harmful to 

human and animal health. Therefore, in order to thoroughly 

improve the quality of water, it is necessary to achieve the 

reduction of the nitrogen content to a low value. The main 

forms of nitrogen removal currently practiced are nitrification 

and denitrification, both of which are slow relative to the 

growth and reproduction rates of the bacteria that perform 

them. Nitrogen-fixing bacteria are another group responsible 

for nitrogen removal because they can assimilate nitrogen in 

the atmosphere into ammonium. (Barney, 2020) [9] (Kawaka, 

2022) [36] (Wang et al. 2024) [88] 

The application of nitrogen-fixing bacteria in the natural bio-

treatment system of the bio-fertilizer immersion process can 

improve its nitrogen removal efficiency. Moreover, due to the 

mutualistic relationship between them and other 

microorganisms in the wastewater bio-system, nitrogen-

fixing bacteria can also be used for nitrogen removal in the 

anaerobic/aerobic nitrogen removal process. At present, the 

traditional methods of removing nitrogen mainly include 

physical nitrogen removal, chemical nitrogen removal, and 

biological nitrogen removal, of which the potential 

application of nitrogen-fixing bacteria has received greater 

attention (Niu et al. 2021) [81] (Cao et al. 2023) [12] (Ni et al. 

2022). Improvement of the nitrogen removal efficiency of the 

traditional nitrogen removal treatment system and the 

development of cost-effectiveness with a low energy 

footprint and environmentally friendly nitrogen removal is 

attracting considerable attention. The development of a new 

engineering application of low energy cost and the treatment 

of ammonium nitrogen into dinitrogen gas is extremely 

meaningful to environmental governance. Although the 

engineering application of nitrogen-fixing bacteria in 

wastewater treatment is just beginning, the development of 

this technology has a broad prospect. Of course, how to 

optimize the conditions for improving the efficiency of 

nitrogen-fixing bacteria and achieving a higher application 

effect will require collaborative research in the future 

(Ospina-Betancourth et al. 2020) [70] (Ospina Betancourth, 

2021) [69] (Llamas et al., 2023) [56].  

 

6. Conclusion and Future Perspectives 

Nitrogen (N) is an essential macronutrient that is necessary 

for plant and crop growth and development. Against the 

backdrop of diminishing mineral nitrogen (N) resources, 

nitrogen-fixing bacteria, based on sustainable agriculture and 

environmentally friendly principles, have received increasing 

attention and become the main focus of various fields in 

recent years. In this study, nitrogen-fixing bacteria in 

infectious diseases, nodulation processes, and important roles 

in natural and ecological agricultural environments were 

synthesized.  

It is significant to apply nitrogen-fixing bacteria or nodule-

associated bacteria to environmental protection and energy 

agriculture. In addition to exploiting the vegetative 

parameters of A. brasilense in rice crop cultivation, the 

available data provide potential predictive information on the 

advantages of herb inoculant applications. There are still 

numerous challenging issues for future study, such as how to 

better apply nitrogen-fixing bacteria to achieve the intended 

results and maintain the ecological balance, exploitation of 

supported broad-spectrum-related products, and subsequent 

isolation of bioinoculants, as well as the major role of 

diversified agronomic crops in identifying the influence of 

secondary bacterial genera. Using effective nitrogen-fixing 

bacteria with biotechnological developments to enhance this 

process is essential. Only when the novel research direction 

is systematically studied through a multidisciplinary 

approach can more benefits be provided to a broader area. 

Therefore, it is necessary for further research to consider the 

metabolic traits and ecological properties of nitrogen-fixing 

bacteria and microorganisms that are isolated from other 

environments in detail.  

In conclusion, this paper has focused on the application of 
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nitrogen-fixing bacteria (NFB) in natural and ecological 

environments, which can promote crop health and drastically 

boost crop yield, leading to sustainability in agriculture. 

Furthermore, insight into the role of these bacteria is provided 

in order to lay the foundation for the further application of 

NFB in a variety of fields.  
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