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Resumen 

El nitrógeno molecular (N2) presente en la atmósfera no es fácilmente asimilado por las 

plantas dado que la molécula de nitrógeno, en su estado libre, tiene un triple enlace que se 

une a sus átomos y es difícil de romper. Este elemento es uno de los elementos más 

abundantes en la naturaleza y también está presente en la estructura de aminoácidos, ácidos 

nucleicos, proteínas y componentes celulares, lo que lo convierte en un elemento químico 

importante en el desarrollo de los organismos.  Existe un proceso metabólico conocido 

como Fijación Biológica de Nitrógeno (FBN), que permite que los ecosistemas naturales 

aprovechen la disponibilidad de nitrógeno en el suelo por medio de bacterias 

especializadas. Estas baterías ayudan a mejorar la calidad del suelo promoviendo el 

desarrollo de las plantas en una relación simbiótica tipo mutualismo entre huésped 

(bacteria) y hospedero (planta). Estas bacterias pueden ayudar a reducir el consumo de 

energía fósil, aumentar el rendimiento agrícola, reducir el uso de fertilizantes nitrogenados 

que a su vez ayudan a prevenir la emisión de gases de efecto invernadero. Esta revisión 

bibliográfica se centrará en el aislamiento donde se explicara los protocolos más usados 

para preparar los medio de cultivos bacterianos, la generación de biomasa en  donde se 

explicara un poco de las técnicas más usadas para para el correcto desarrollo de las 

bacterias y su identificación y finalmente las aplicaciones de campo de bacterias fijadoras 

es decir su inoculación. 

Palabras clave 

Nitrógeno, Fijación Biológica de Nitrógeno, Bacterias, Bacterias fijadoras. 

 

 

 

 



 

 
 

Abstract 

Plants cannot quickly assimilate the molecular nitrogen (N2) present in the atmosphere 

since the nitrogen molecule. Elementary nitrogen, in its free state, has a triple bond that 

binds its atoms and is difficult to break. This element is one of the most abundant elements 

in nature and is also present in the structure of amino acids, nucleic acids, proteins, and 

cellular components, making it an essential chemical element in organisms' development. A 

metabolic process known as Biological Nitrogen Fixation (BNF), allows natural 

ecosystems to take advantage of nitrogen available in the soil through nitrogen-fixing 

bacteria. As part of a mutualistic symbiotic relationship. The process improves the soil's 

quality and thus offers better survival conditions for developing  plants in exchange for 

being a host. These bacteria can help reduce fossil energy consumption, increase 

agricultural yield, and help save on nitrogenous fertilizers thus helping to prevent 

greenhouse gas emissions. This literature review will focus on the isolation where the most 

used protocols to prepare bacterial culture media will be explained, the generation of 

biomass in which a little of the most used techniques for the correct development of the 

bacterias will be explained and their identification and finally the field applications of 

fixing bacteria is to say their inoculation. 

Keywords 

Nitrogen, Biological Nitrogen Fixation, Bacteria, Fixing bacteria. 
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1. Introduction 

Nitrogen is an element required for the development of all living organisms
1
 being a 

component of essential molecules for life, such as nucleic acids and proteins (DNA and 

RNA)
2
. Nitrogen is a principal component of amino acids, a fundamental constituent of all 

living cells. It is present in complex molecules which store energy and deliver it to cells, 

such as ATP/ADP. Nitrogen makes up 78% of the gases in the atmosphere
2
. Nitrogen 

enters the soil naturally through rains, either by breakage of its triple bond by electrical 

energy and  subsequent dragging or by combining gaseous forms. Another form of entry 

into the soils is by way of organic and inorganic fertilizers and biological fixation, the 

conversion of elemental nitrogen to biologically available forms, which only prokaryotic 

organisms can carry out.  

Plants are valuable meta-organisms that have developed beneficial associations with 

many microbes present in the soil
3
. One of the best and most known examples of 

mutualistic symbiotic microbes are the Rhizobium bacteria that benefit from the effective 

uptake of water and minerals by the plant
4
. Plants require biologically available nutrients to 

be productive, and the amount of nutrients determines the productivity of crops. Nitrogen is 

essential to photosynthesis, as it is part of chlorophyll and is involved in its production. 

Without chlorophyll, crops would not be able to use sunlight for photosynthesis. The visual 

symptom of nitrogen deficiency is leaves turning yellow and stunted growth
2
.  

Organisms like plants cannot absorb nitrogen directly from atmosphere, where because 

the molecules are present in the form of dinitrogen (N2) and are linked covalently by a 

triple bond. To be able to take up nitrogen the elements needs to be present in other forms, 

such as ammonia released by symbiotic bacteria. The process of nitrogen fixation is 

mediated by the biosynthesis of these bacterial microorganisms, which take the gaseous 

dinitrogen (N2) from the atmosphere and transform it into ammonium (NH4
+
), nitrite (NO2

-
) 

or nitrate (NO3
-)
. 

The nitrogen fixation process also needs to be catalyzed by an enzyme called 

nitrogenase
5
. These molecules can be assimilated by plant to help them with growth, 
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chlorophyll production, and protein synthesis. As a result, Rhizobium and other genra like 

Azotobacter and Azospirillum can be used as biofertilizers; in addition to influencing 

agricultural productivity  through nitrogen fixation they also control root rotting infections 

caused by fungi
6
.  

Nitrogen is a crucial component for all living beings, as it promotes the formation of 

essential molecules such as nucleic acids and proteins. Specifically, nitrogen is an essential 

element in plants' development since it favors plants' growth and development. The human 

being, having a diet rich in legumes due to their high protein and nutrient content
7
, has 

resorted to chemical fertilizers to increase the quantity of nitrogen in the soil that increase 

productivity. In search of improving environmental conditions, given the growing 

importance of preserving them, more environmentally safe alternative are needed to avoid 

dependence on chemical fertilizers.  

A promising alternative is the application of bacteria that fix nitrogen
8
.  Nitrogen fixing 

bacteria also allow for the development of a more sustainable agriculture since it brings not 

only environmental but also economic benefits
7
. These natural alternatives have a 

prolonged action time compared to chemical fertilizers and have a very beneficial effects 

on soils in the long term
9
. Biofertilizers as an alternative not only favor the soil quality, but 

also are better for the people, such as the farmers who are in direct contact with the 

treatments applied in agriculture. Additionally, working with nitrogen-fixing 

microorganisms to produce bio-fertilizers improves and strengthens various crops’ 

development. 
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1.1. General Objective 
 

To review the best methods and protocols for the isolation and production of bacterial 

nitrogen-fixing species biomass. Furthermore, summarize information about potential uses 

in the field for agriculture.  

 

1.2. Specific objectives 
 

The specific objectives of the study are: 

● To write a detailed review about the nitrogen transformations. 

● To compare some of the most commonly used methods for Rhizobacteria isolation. 

● To describe the best protocols for bacterial biomass production. 

● To summarize the uses in the field of  nitrogen bacteria fixing. 
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2. Nitrogen Transformations 
 

2.1. 2.1.Global Nitrogen Cycle 
 

Nitrogen undergoes a series of natural processes, which leads to a closed cycle in 

which nitrogen turns into different oxidation and reduction states, which leads to the 

transformation of nitrogen oxides into organic carbon compounds and finally back to N2 
10

. 

These processes that result in the transformation of nitrogen are known as nitrogen fixation 

and are the result of transformation by reducing the elemental nitrogen to forms assimilated 

by plants and microorganisms, mainly nitrites (NO2
-
), nitrates (NO3

-
), and ammonium 

(NH4
+
). Nevertheless, these transformations are “widespread processes” in natural 

ecosystems, which means that available nitrogen can be scarce, limiting plant growth and 

biomass accumulation 
1
. Figure 1 shows one of the most important biogeochemical cycles, 

the nitrogen cycle in the atmosphere. 
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Figure 1. The nitrogen cycle. The yellow arrows indicate the human sources of nitrogen for the 

environment.  

Taken from Singh et al., (2017). 

 

 

Within ecosystems, nitrogen undergoes several transformations:  

1. Mineralization of organic nitrogen turns into to ammonia (fertilizers, plant waste, 

crop stubble, carcasses, animal feces, and other forms.). This process is prolonged. 

It is called ammonification and is carried out by the microflora of the soil. It is 

estimated that only 2% of the total nitrogen in the soil is mineralized in temperate 

climates.  

2. Nitrification is a process in which the oxidation of ammonium to nitrite and then to 

nitrate occurs. Specific soil microflora are in charge of this process, such as 

Nitrosoma and Nitrobacter.    

3. Absorption of nitrate and ammonium by the plants through their roots.  

4. Immobilization by the soil microflora incorporating mineral nitrogen in its 

proteins.  

5. Adsorption or fixation of NH4
+
 by clays and soil organic matter.  



 

6 
 

6. Leaching nitrogen can be lost within the soil profile or the movement of nitrogen 

out of the root zone for various reasons
11

.  

 

Moreover, the microorganisms have other metabolic pathways leading to different 

redox reactions and novel microbial transformations of nitrogen, as shown in Figure 2. 

Microorganisms possess enzymes that perform 14 redox reactions involving eight key 

inorganic nitrogen species of different oxidation states (enzyme-bound intermediates and 

their redox states are not shown). The interconversion of ammonia and organic nitrogen 

does not involve a change in the nitrogen redox state
12

. Disproportionation is a chemical 

reaction in which a reactant is split into two species containing the same element but with 

different oxidation states, one more oxidized than the reactant and the other more reduced. 

And comproportionation is a chemical process in which two reactants containing the same 

element but with different oxidation states combine to form a single oxidation state 

product
12

. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

7 
 

 

Figure 2.  Microbial transformations of nitrogen. The reactions involve reduction (red), oxidation (blue), 

and disproportionation and comproportionation (green). The present enzymes perform the nitrogen 

transformations.  

Taken from Kuypers, (2018.) 

 

 

 

 

2.2. Nitrogen Fixation 
The overall reaction for enzyme-catalyzed nitrogen fixation is given by

13
: 

 

           
                                (1) 

 

In this equation, we can appreciate the reduction of N2 to NH3, called nitrogen 

fixation. This electrochemical reaction
14

 occurs when operating the nitrogenase enzyme, 

present in specialized microorganisms. This equation emphasizes several aspects of the 

nitrogenase mechanism, such as substrate reduction with ATP hydrolysis and the 

requirement of the formation of 1 mol of H2 per mole of N2 reduced
15

. This reaction is a 

key feature that reflects the mechanistically essential step of nitrogenase activation prior to 

N2 reduction
16

. 
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2.3. Nitrogenase  
 

Is an enzymatic complex that converts dinitrogen in the atmosphere to ammonia. 

Nitrogenase is made up of two protein elements named after their metallic composition. 

Dinitrogenase is also known as MoFe, is a protein that contains both molybdenum and iron, 

while dinitrogenase reductase, also known as Fe reductase is a protein that only contains 

iron
17

. Dinitrogenase reductase is a dimeric protein with a molecular mass of 63 kDa and a 

redox-active site consisting of a prosthetic group of four iron atoms and four sulfur atoms 

(4Fe-4S) 
17

. This protein active site is responsible for uniting the two dimer subunits and 

that its sensitivity to oxygen is due to its exposure to the external environment
16

.  

Dinitrogenase (MoFe) is a 230-kDa tetrameric protein with two subunits of 55 and 

60 kDa. It has molybdenum and iron, the latter of which is present in two active redox sites. 

The MoFe cofactor, the substrate reduction site, contains molybdenum, iron, sulfur, 

homocitrate, while the P site contains eight iron atoms and seven sulfur atoms sites. When 

this enzyme comes into contact with nitrogen in the air, it converts it to ammonia
18

.  

We can find N2 gas freely in the atmosphere, but to be taken up by living organisms 

in the symbiotic processes, it can only be fixed into ammonia by those bacterial 

microorganisms that carry the metalloenzyme nitrogenase. These microorganisms are part 

of the bacteria and archaea groups, and having the enzyme nitrogenase gives them a 

competitive advantage over other organisms present in environments with little available 

nitrogen
12

. 

Nitrogen fixation in the soil occurs in two ways: Industrial nitrogen fixation and 

biological nitrogen fixation. These two methods to fix atmospheric N2 be illustrated in the 

following diagram (Figure 3). 
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Figure 3. Methods to fix atmospheric dinitrogen. (A) Comparison of N2 fixation: industrial Haber-

Bosch and diazotrophic prokaryote processes. (B) Three strategies for how Biological Nitrogen Fixation 

(BNF)  can be increased in crops (1), novel formation of nodules (2), or by direct transfer of prokaryotic 

nitrogenase genes into the plant genome (3).   

Taken from  Burén & Rubio, (2018). 

 

2.4. Industrial nitrogen fixation 
 

To fix nitrogen at an industrial level, the synthesis of ammonia occurs through a Haber 

Bosch process, which requires hydrogen, a derivative of petroleum gas
2
. Only this process 

contributes to the chemical industry with the fixation of 120 Tg of N per year. Also, we 

must add that 60 Tg of N per year is fixed in crops, mainly legumes or agricultural interest, 

and 30 Tg of N per year results from burning fossil products
19

. 

This Haber Bosch process requires temperatures between 300°C and 600°C, pressures 

between 200 atm and 800 atm, and approximately 6 barrels of oil for each ton of NH3 

incorporated from the atmosphere. As this process uses petroleum, the cost of fertilizers is 

affected. The costs further increase with the factories' chemical transformation and 

transportation to the distribution centers. After this, the cost to transport to the fields where 

these products will be applied should be considered
2
. 
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2.5. Biological nitrogen fixation 
 

Biological Nitrogen Fixation (BNF) the most dominant biologically available 

nitrogen source on the planet before the industrial revolution. Subsequently, human activity 

significantly contributed to the increase in reactive nitrogen creation, either through the 

synthesis of industrial nitrogen fertilizers, planting of crops that support BNF, or the 

involuntary production by combustion of fossil fuels. That is, society has had a substantial 

impact on the environment and its availability of nitrogen
20

.  

Molecular studies and genetic techniques have provided efficient means to identify 

organisms with the potential to fix nitrogen; bacteria and archaea. In the past, these BNF 

evaluations revealed symbiotic rhizobia cyanobacterial fixers, free-living actinorhiza fixers, 

and symbiotic or free-living heterotrophic bacteria
21

. 

More recent research has shown that many more organisms are capable of BNF, 

including archaea and new unknown bacteria. They also revealed new information about 

the metabolism of these bacteria and their ability to produce nodules in legumes as shown 

in Figure 4, an ability related to the amount and efficiency of nitrogen production
20,22

. In 

diazotrophic bacteria, BNF occurs by converting nitrogen into ammonia
23

 to provide the 

necessary bases for the biosynthesis of molecules, such as nucleic acids, proteins, and their 

organic nitrogen compounds.  
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Figure 4.  Schematic drawing representing the nitrogen-fixing process associated with rhizobia. 

Rhizobia invade the roots of legumes and form nodules.  

Taken from Teng et al., (2015). 

 

This type of bacteria are highly diverse, however, not all can establish symbiotic 

interaction and fix nitrogen; 87 diazotrophs species have been identified in two genera of  

Archaebacteria, 38 of bacteria, and 20 of cyanobacteria. Soil bacteria capable of forming a 

symbiosis with legumes are classified as Rhizobium, Mesorhizobium, Bradyrhizobium, 

Sinorhizobium, and Azorhizobium, which are divided into different groups by the Bergey 

Manual's Bacterial Classification (2001). Among the most important genera of diazotrophic 

bacteria, we have Azospirillum, isolated from Spirillum lipoferum in the Netherlands by 

Beijerinck and his team in 1925 nitrogen-poor, sandy soils
24

.  

This bacterium was subsequently obtained from soil attached to dry seagrass in 

Indonesia, being the first to report its wide distribution in the rhizosphere of various 

tropical grasses. Since then, strains of Azospirillum have been isolated from the plant's root 

phyllosphere (surface of the plant exposed to air) from numerous grasses both wild and 

cultivated, including cereals and plants from various families and different habitats such as 

temperate, subtropical, and arctic tropical soils
25

. 

Nitrogen fixation has been detected in bacterial associations among Azotobacter, 

Azospirillum, Beijerinckia, and Pseudomonas, evidenced by a high carbon-nitrogen ratio 

zone of the plants root’s
26

. Symbiotic nitrogen fixation in legume plants occurs as follows 

by complex interactions between bacteria and plants. In this process, we can recognize the 

following stages
24

:  
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- The roots secrete a substance; thus, there is an increase in rhizobia entering the 

plant. These Rhizobia enter through the root hairs. 

- This adhesion of bacteria to the epithelial cells of the root hairs present in the roots 

occurs by multiple mechanisms. Most of these mechanisms associate the production 

of proteins by the plant that binds to carbohydrates present on bacteria's surface. 

- Later, when Rhizobia iniciates the infection of the roots, the root hairs are 

deformed; that is, these hairs become curved, and in this way, they can trap the 

rhizobia that were already attached to them.  

- Once they adhere to the root hairs, penetration of the bacteria occurs. Here 

bacteria can penetrate the cells of the roots by forming a tubular infection cord. 

- Once the bacteria have invaded the root cells, proliferation occurs in the nodular 

tissue that has become infected with the rhizobia. At this stage, there is also a 

differentiation in the root nodules.  

- Finally, there is nitrogen fixation by the bacteria available to the plant. This 

fixation occurs several days after the bacteria enter the roots. Here the bacteria fix 

atmospheric nitrogen and excrete ammonia into the cytoplasm of the cell. The plant 

uses this ammonia as a source of synthesis of nitrogen-containing substances 

necessary for the cell.  

 

In Figure 5, we can see the mechanism of nodule formation in rhizobium-legume 

symbiosis and the stages mentioned before. 
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Figure 5. Mechanism of nodule formation in legumes.  

Taken from Singh, (2019). 

 

Nitrogen fixation varies among different bacteria depending on the energy source 

(organic carbon) used by the microorganisms. They either obtain it from a symbiosis, 

whereby bacteria benefit from sugars from the host plant's photosynthesis, from exudates 

from the host’s roots, or in the case of free-living microorganisms from heterotrophs 

(organic waste) and autotrophs (photosynthesis)
2
. The location of these microorganisms in 

the soil-plant system determines the method of nitrogen fixing. For this reason, three 

compartments have been characterized in the soil
27

. 

1. Rhizoplane: the immediate surface of the root, in which the plant and the soil 

interact. 

2. Rhizosphere: volume of soil that adheres to the roots surrounding the rhizoplane 

and is immediately affected by the metabolic root activity (respiration, exudates). 

3. The soil itself: mass of soil not affected by plants within 5 mm of the root. 
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For nodules to form, there is specificity between the Rhizobium and the host plant. 

Also, there are groups of legumes in which the same species or rhizobia produce 

nodules. This specificity is known thanks to genetic studies that have allowed 

classifying the species of plants and rhizobia. Within these DNA-based methods to 

characterize rhizobia are the phylogenetic analyses like a tool to analyze 16S ribosomal 

RNA (rRNA) genes, a range of “housekeeping” genes, and genes involved in the 

symbiosis. On its own, the 16S rRNA gene sequence can distinguish rhizobia at the 

genus level
28

.  

The primary symbiotic genes examined are the nif genes, which encode nitrogenase 

subunits, the rhizobial enzyme that fixes N2, and the nod genes, which encode Nod 

factors that induce diverse symbiotic responses on legume roots. Particular nod genes 

are determinants of legume host specificity. Almost all rhizobia tested had nod genes. 

In this experiment, the data indicate lateral gene transfer of specific symbiosis genes 

within rhizobial genera. This mechanism allows legumes to form symbioses with 

rhizobia adapted to particular soils and maintains specificity between legume species 

and rhizobia species with specific symbiosis genes
28,29

.  

 

2.6. Plant Growth-Promoting Rhizobacteria (PGPR) 
 

Growing rhizobacteria are also known as plant growth-promoting rhizobacteria 

(PGPR). These microorganisms stimulate the growth of plants through the production of 

phyto-stimulants (auxins, gibberellins), increase the absorption of nutrients (nitrogen 

fixation, phosphate solubilization), improve plants’ tolerance to abiotic stress such as 

drought and salinity or suppress biotic stressors such as plant diseases or pests
3
. Studies on 

PGPR have been on the rise since Kloepper and colleagues were the first to use the term in 

research in the late 1970s
30,31

. Some examples of the beneficial plant-microbe interactions 

are
32

: 

 

- Phytohormone production or PGPR 

- BNF, with the help of biofertilizers 
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- Plant protection (biocontrol) 

- Abiotic stress tolerance  

- Increase plant biomass on marginal land 

- Phytoremediation control the contaminated land remediation 

- The endophytic specialization to find new pathways and reduce genomes for 

synthetic application. 

 

 

2.6.1. Types of PGPR's applied as Biofertilizers 

 

Within sustainable agriculture, the production of biofertilizers formulated from 

beneficial microorganisms such as nitrogen-fixing bacteria is thought to have a great 

potential. Biofertilizers' actions are variable because they depend on the microorganisms 

present in the soil, plant variety, type of soil, environmental conditions, among others
33

. 

The aim of using these bacteria is contributing to conservation of the ecological balance in 

the soil of geographical areas with high agricultural activity
34

. The production of 

biofertilizers can improve the environmental quality considering the needs of the 

agricultural sector. The biotechnological applications of biofertilizer technology in 

agriculture could reduce the use of the negative impact of synthetic fertilizers, leading to 

significant economic benefits and improving crop yield while also maintaining soil fertility 

and health in more sustainable agricultural production (table 1)
35,36

.  
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Table 1. Characteristics of some isolated plant growth-promoting bacteria) 

 BNF, potential for 

solubilizing 

Calcium Phosphate 

and Zinc Oxide 

and  synthesizing 

indolic compounds 

PGPR genera 

reported 

Potential to 

synthesize an 

auxin class 

phytohormone 

Biofertilizers to 

improve crop 

growth, yield, 

maintain soil 

fertility and health  

Acinetobacter  X   

Agrobacterium  X   

Arthrobacter  X X  

Azotobacter  X  X 

Azospirillum  X  X 

Rhizobium X X   

Bradyrhizobium  X   

Burkholderia X X   

Frankia  X   

Serratia  X  X 

Thiobacillus  X   

Pseudomonas X X X X 

Bacillus  X X X X 

Kurthia   X  

Xanthomonas   X  

Herbaspirillum X    

Stenotrophomonas X    

Enterobacter    X 

Adapted from Singh, (2017). 
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2.7. Nodules 

 
 

            Nodules are plant organs 

that form when rhizobia enter the host 

plant.Root nodules are responsible for 

producing N2 fixation (Figure 6). Legumes 

and rhizobia are already communicating 

during nodule formation, with both 

secreting factors influencing the other
37

. 

They have a varied morphology: In 

tropical plants, nodules have a round shape 

and their growth is determinate; in plants 

of temperate environments, the nodules are shaped like gloves, and their growth is 

indeterminate
2
. 

When the plant is affected by environmental factors, excess nitrogen, or is subjected 

to stress, nodule formation will be conditioned. This regulation is determined by altering 

physiological mechanisms, either limiting the secretion of receptor molecules or decreasing 

the number of absorbent hairs, among others, which will prevent nodulation or eliminate 

nodules already established
2
.  

The following description of events is based on
11

. The growth of nodules is based 

on cell expansion rather than cellular division. The first cell divisions are anticline (in the 

form of folds), are triggered by rhizobia, and occur in the roots' hypodermis. Then there is 

another focus of cell division in the pericycle, and finally, these two meristems converge, 

generating the nodule primordium. In this nodular primordium, we can find non-vacuolated 

cells derived from the hypodermis and cells with a minimal degree of vacuolization formed 

from division of the pericycle. These non-vacuolated cells will form nodular parenchyma, 

which will surround the nodule's core tissue and play a crucial role in protecting these 

systems.  

Figure 6. Nitrogen fixing bacteria nodule. Rhizobia 

bacteria nitrogen-fixing nodules on soybean roots. 

Taken from Dance,( 2019). 
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We can identify infected, as they are much larger in size and have a greater density 

than the others. Cells that are not infected, are much smaller and have a greater degree of 

vacuolization than infected cells.  Infected cells  have a high presence of symbiosis, called 

symbiosomes, which can have more than one bacteroid. The nodule undergoes a series of 

changes before reaching its final phase, better known as symbiosis, which has essential 

characteristics for biological nitrogen fixation. Symbiosomes consist of three components: 

1. Peribacteroid membrane 2, Perobacteroid fluid, 3. Bacteroid
11

 

Peribacteroid membrane serves as a signal and nutrient intermediary between the 

bacteria and the plant, making it essential for symbiotic activity.  Is more similar to the 

tonoplast membrane because the fusion of vesicles from both: Golgi apparatus and the 

endoplasmic reticulum, leads to the growth of the peribacteroid membrane. On the other 

hand, these vesicles contain protein components incorporated into the cover, such as an H
+
 

-ATPase. This protein's activity causes an accumulation of H
+
 in the peribacteroid space, 

resulting in a drop in pH, which the bacteroid combats by excreting fixed nitrogen in 

ammonia ionizes as NH4
+
 in that environment

4,11,38
.  

Peribacteroid fluid is defined as a soluble material between the peribacteroidal 

membrane and the bacteroid, this fluid stays in contact with both surfaces, forming an 

interaction zone. As previously stated, the peribacteroid membrane's ATPase activity 

causes a high concentration of H
+
 to accumulate. The fusion of vesicles from the Golgi 

apparatus with the membrane produces the discharge of PsNLEC-1 glycoprotein material, 

which belongs to the lectin family. The presence of these lectins is linked to the bacterium's 

time spent near the bacteroid
11

. 

Bacteroids are found in the cytoplasm of nodule cells that fix nitrogen biologically. 

Bacteroids are entirely reliant on plants for the energy required for biological nitrogen 

fixation. The intermediaries of the citric acid cycle, particularly four-carbon acids like 

succinate, malate, and fumarate, are the main organic compounds transported into 

bacteroids through the peribacteroidal membrane. These acids serve as electron donors in 

the ATP synthesis process. The first stable product of N2 fixation is ammonium, and 

several tests show that the plant assimilates ammonium to form organic nitrogen 
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compounds in radical nodules. Ammonium can also be reabsorbed by bacteria and 

transferred to plants in the form of alanine
11

. 

 

2.7.1.Mechanism of Legume-Rhizobium symbiosis  
In the symbiosis mechanism, the plant and the bacteria exchange molecular signals. 

The plants are capable of producing root-derived flavonoids (flavone), isoflavone, and 

chalcone, which is recognized by bacterial NodD receptors which in turn triggers responses 

in the plant. In the bacteria, the transcriptional activator NodD, can interact with the 

transcriptional machinery of the bacterium and with flavonoids to induce the expression of 

nod genes in the bacteria. Nod factors encoded by nodABC genes, are determinants of 

rhizobia-host specificity because they vary in the oligomeric chitin backbones (figure 7). 

These factors are perceived by distinct plant “entry” and “signalling” receptors
39

.   

 

Figure 7. Plant-microbe interaction in the soil (Source : Wang et al., 2018). 

Taken from Akhila et al. (2021) 

The nodulation factors (NFs) are recognized by membrane LysM-receptor-like kinases 

(LysM-RLKs) of root epidermal cells. This triggers a signaling pathway (sym pathway) 

constituted by a signaling module called the common symbiotic pathway (CSP). This 

pathway was probably recruited from the more ancient mycorrhizal symbiosis
40

. 
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3. Technologies at laboratory/industrial-level 

to reach the bacterial isolation, biomass 

production and field application 

rhizobium. 
 

3.1. Bioprospecting  
 

Bioprospecting is not a new concept; humanity has long relied on biodiversity as a 

source of material and inspiration
41

. Bioprospecting, described as the systematic search for 

valuable molecules, genes, and organisms in nature, has the potential to provide developing 

countries with a way to use biodiversity without disrupting nature; to add value to their 

natural resources; to ensure that such resources are protected and used sustainably, and to 

develop the skills needed to apply biotechnology in improving quality of life
42,43

. 

Furthermore, bioprospecting is bi-directionally linked to long-term use through the quest 

for methodologies that allow the continuous management and adequate production of 

biological resources. The challenge is to generate economic short- term income while still 

providing a foundation for long-term growth
10

.  

The bioprospecting method is divided into four stages: 

- Phase 1: On-site sample collection; 

- Phase 2: Isolation, characterization, and culture of particular compounds;  

- Phase 3: Screening for possible applications, such as medicinal or other uses; and, 

- Phase 4: Product production and commercialization, which involves patenting, 

trials, sales, and promotion
44

. 

From the point of view of bioprospecting, I will analyze the most commonly used 

nitrogen-fixing bacteria, summarize how these nitrogen-fixing bacteria are isolated, 

describe the most common protocols to do it, and explain why they are used. Subsequently, 

the most commonly used technologies to produce biomass will be analyzed, which means 

obtaining the bio-inoculum at an industrial level and a laboratory level. 
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3.2. Isolation and Culture media preparation 
 

To correctly carry out the isolation protocols for symbiotic bacteria, the culture 

media must be correctly prepared since the microorganisms of interest will grow in the 

laboratory only under certain conditions. For the isolation procedure, we must first make a 

bacterial culture which meets certain conditions and contains an optimal mixture of 

nutrients for their development. These bacterial cultures are intended to help us with the 

proliferation of bacteria in a medium with favorable conditions, whether liquid or solid. 

According to Jenkinson, temperature, degree of humidity, adequate oxygen pressure, and a 

correct degree of acidity or alkalinity (pH) are essential to the development of bacteria 
45

. 

 In addition to this, the crops themselves must contain some chemical elements that 

favor the development of bacteria. Some of these elements are carbon, nitrogen, sulfur, 

phosphorus, and some inorganic salts, depending on the bacteria. Koch was one of the first 

to experiment with culture media. He initially carried out most of his research using potato 

slices as solid nutritional support, but not long before began to resort to liquid meat broth as 

developed by Loeffler, who in 1881 added gelatin to create a solid medium. This medium is 

transparent, ideal for observing the macroscopic morphology of microbial colonies
46

. 

It is also essential to consider that the culture medium must be away from any 

contaminating organism to avoid the proliferation of microorganisms that may alter or 

compete with the bacteria of interest. After the bacterial culture that we do, specific 

different techniques can be used for its identification. Among some of these techniques, 

specific strains exist to know if these bacteria belong to an acidic or basic medium 

represented by red and yellow colors, respectively
47

. 

A great variety of culture media in liquid, solid, or semi-solid form allows the isolation 

and study of various groups of microorganisms that can be cultured in the laboratory. 

According to the primary substances, the culture media can be classified into natural, 

synthetic, semi-synthetic, live, selective, and differential media
10

.  
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3.3. Identification and techniques for counting 

microbes  
 

Over the past century, identification of microorganisms has been dependent on 

isolation and culture. The need to cultivate microorganisms to identify them has limited the 

understanding of microbial diversity and ecology, as it is now known that more than 90% 

of microorganisms are not cultivable. In recent years, molecular techniques or non-crop-

dependent methods have changed the perspective of microbial diversity and have made it 

possible to describe, monitor, and control microbial communities
48

. Widely used molecular 

techniques include polymerase chain reaction (PCR) and denaturing gradient gel 

electrophoresis (DGGE). 

To determine the population bacteria present in a sample, several techniques 

ranging from estimating population growth of these microorganisms in the culture medium 

to in situ observation have been developed
10

. The development of these microorganisms 

results from at least one viable unit for the development of colonies, which becomes 

evident in a solid medium
49

. There are other methods to quantify either the biomass formed 

by these microorganisms or products resulting from these microorganisms' metabolism. 

Some indirect methods for population estimation are determining wet weight, dry weight, 

total nitrogen, or the chemistry of nucleic acid and protein by the Bradford method. 

 

 

3.3.1. Bradford Method (Protein Quantification) 
 

Because protein makes up about 60% of the biomass, the protein quantification 

method (Bradford Method) is an indirect way to determine the amount of biomass. The 

Bradford Method uses a dye called Coomassie Blue to bind to proteins. In acidic solution, 

the coloring agent can be found in two colors: blue and orange. Proteins bind to the blue 

form, resulting in a complex protein with a higher extinction coefficient than the free dye. 

This method is sensitive (1-15 µg), easy to use, quick, and inexpensive, and only a few 
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substances interfere with its detection. Detergents and essential solutions are examples of 

substances that interfere
50

. 

 

 

3.3.2. PCR (Polymerase chain reaction) 
 

The Polymerase Chain Reaction (PCR) is an efficient approach to generate many 

copies of a genetic fragment. The fragments must be made complementary to the target 

fragment and must be 13 single-stranded. These molecules act as intermediates for a 

polymerase (acts as primers) to incorporate complementary nucleotides into the growing 

chain. It can be produced using simple DNA fragment techniques after the reaction is 

complete
10

. 

 

 

3.3.3. Denaturing gradient gel electrophoresis 

(DGGE) 
 

Denaturing gradient gel electrophoresis (DGGE) is a molecular technique based on 

electrophoresis that uses a urea formamide gradient to denature the double strand of DNA 

as it moves through an acrylamide gel. The method necessitates the prior amplification 

using a slightly modified PCR with a primer with a GC extension (GC clamp) of 50 bp. 

The nucleotide sequences of these fragments differ, allowing different microbial species to 

be identified. DNA fragments from different microbial species have different 

electrophoretic mobility in an acrylamide gel with an increasing denaturing gradient. When 

the double helix is denatured, the DNA fragment slows its migration, allowing it to 

distinguish between equal-size fragments. The nucleotide sequence affects the progressive 

denaturation in the gel
10

.  

The nifH gene decodes dinitrogenase reductase, which is part of the nitrogenase 

complex, in the analysis of diazotrophic communities in various environments. The nifH 

gene is a standard marker used to study BFN and its activity in various ecosystems. 



 

24 
 

Combining the nifH gene polymerase chain reaction (PCR) and denaturing gradient gel 

electrophoresis (DGGE) provides information on diazotrophs' composition in a given 

environment. Several first PCRs with different specificity ranges have been designed to 

amplify nifH genes
51

. 

3.4. Inoculation 
 

Inoculation is the process of incorporating bacteria into the rhizosphere; these bacteria 

are selected for their high biological nitrogen fixation efficiency and for the ease with 

which they form symbiotic relationships with the legume of interest. On the other hand, 

inoculants are the products used to introduce rhizobia to leguminous plants' roots. The 

inoculant is an essential component applied during the seed treatment processes. For this 

reason, it is crucial for the formulation of the inoculant, it will determine the physiological 

status of the bacteria (quality) and their adaptation to the needs and conditions found in 

production systems.  

Inoculants must comply with some essential characteristics according to the species of 

interest. Paredes
11

 says that we can have some characteristics such as chemical and physical 

characteristics, consistent quality, high water retention capability for humidity, fabrication 

qualities, including the capacity for adding nutrients, and pH buffering capacity. Other 

critical characteristics are related to the environment; this includes being biodegradable, 

non-contaminant, and non-toxic.Some factors can affect the efficiency of inoculants since 

they contain live bacteria which need to be protected from drying, high temperatures, and 

direct sunlight until use. At the time of use, the inoculant must contain at least 107 cells per 

gram. Any environmental condition that impacts the mineralization of both the BNF and 

the N, has the potential to compromise this element's accumulation in the biomass, thus 

directly affecting yields. Among some of these factors, we have
11

: 

 

- Nitrogen: High concentrations of nitrates inhibit the process of infection, the 

development of nodules, and the expression of nitrogenase activity. The higher 

concentration of N in the soil, the lower the possibilities for BNF. Conversely, the 

lower the concentration of N in the soil, the more N there is of BNF. Fertile soils 
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with moderate or high availability of inorganic forms of N at sowing time, and 

significant mineralization rates during the crop cycle, delay the initiation of 

nodulation and inhibit the functioning of the fixing system. According to Barbosa, 

the BNF process is associated with high energy costs, that means the plant needs 16 

molecules of ATP per N2 molecule assimilated for this reason, when there are high 

nitrates contents, the plant blocks the nodulation process
52,53

.    With the nitrates 

concentrations occur the Autoregulation Process in which the root and stem produce 

signals between them inhibiting the production of nod factors and reducing the 

nitrogenase activity. The autoregulation process generates i) stopping of nodule 

process at all ii) root and mass reduction and iii) inhibits the nitrogenase activity in 

mature nodules
52

.  

 

- Phosphorus: P is a limiting factor for nodule formation and activity. Phosphorus 

deficiency reduces the formation of nodules and, as a result, BNF. For a good 

symbiosis, the soils need to assimilate at least 20 ppm of P. When the C/N ratio is 

low, the limited C-to-nodule supplement helps delay the onset of BNF. According 

to Paredes, the study results suggest that the presence of phosphate in the soils can 

improve the production of nodules in legume plants
11

. However, according to Tang, 

the excessive levels of P could be toxic for some legumes 
54

. 

 

- Calcium: Ca is essential in BNF because of its role in strengthening and 

maintaining cell walls and because it aids in mobilizing P within cells when soil 

calcium levels are low. For infection, require: nodule production slows, resulting in 

weak, inefficient nodules. Ca
+2

 is vital for bacterial cell adhesion to radical hairs 

and the activity of pectolytic enzymes. It means that deficiency in calcium affects 

the nodulation process of the legumes
55

 According to Tang, the amount of Ca 

required by the plant is mediated by Rhizobium which depends on the acidity. That 

means if there is more acid in the soil, the quantity of Ca required would be 

higher
54

. 
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- Micronutrients and micronutrients: Aluminum (Al) and manganese (Mn) 

toxicity and Ca and P deficiencies are common in tropical acidic soils. Al inhibits 

bacterial cell division and root cell division, resulting in a reduction in nodule 

formation. In 2018  the Tokyo University of Agriculture and Technology (TUAT) 

investigated the responses of Al-toletrant and Al-sensitive strains, under two 

different pH conditions to determine the nitrogen fixation, nodulation and the 

characterization of plant growth  promoting rhizobia. They conclude that nodulated 

legumes were more sensitive to Al and Mn toxicity. The concentration of Al 

reduces isoflavonoid exudate and inhibits induction of nod genes and also rhizobia-

legume molecular signaling exchange was interrupted and subsequently, nodulation 

and nitrogen fixation were in detriment or completely interrupted. However, the 

degree of toxicity induced by different Al concentrations varies depending on the 

genotype, plant species among other factors
56

.  

 

- Oxygen scarcity and water deficit: For both the host plant and the BNF, a lack of 

oxygen is a significant limiting factor. In heavy soils, this limitation worsens, 

resulting in more severe and longer-lasting effects than in sandy soils. Lack of 

oxygen causes anaerobic respiration (fermentation) and, as a result, energy loss, 

resulting in the closure of stomata and a reduction in photosynthesis. Generally, 

legumes are highly sensitive to drought stress
57

. Water stress causes a decrease in 

BNF, which has a different impact on performance depending on the event's 

intensity and timing. This type of stress has the potential to inhibit BNF in extreme 

cases. Dry seeding kills bacteria and reduces the likelihood of proper nodulation. In 

the early stages, a lack of water delays the appearance of nodules, and in 

reproductive stages, a lack of water limits the BNF, limiting plant growth. The 

symbiosis is vulnerable to flooding, as even a few days of flooding can result in 

high nodule mortality
11,58

. 

 

- Temperature: The metabolism of nodules increases as the temperature rises. The 

survival of the bacteria in the inoculant and the soil, the radical hairs' infection, 

differentiation into a bacteroid, nodulation, nodule structure and function, and 
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nitrogen fixation are all affected when the temperature exceeds the optimum. The 

process of nodulation occurs when the temperature is close to 15°C
13

. 

 

- Compatibility of pesticides: Fungicides or other pesticides applied directly to the 

seed might kill many bacterial cells in the inoculant. Toxic fungicides containing 

heavy metals such as mercury, zinc, copper, or lead are recommended with 

inoculants. However, pesticides like Captan80 Carboxin, Ceresan, Cloranil, and 

Tiran have not been shown to reduce nodulation and BNF in plants
11

.  

 

According to Barbu and Boiu-Sicuia, the microbial based bioproducts being prepared in 

similar forms as  for  synthetic  products: Powder inoculants: It is the most popular type of 

inoculant available. Although neutral peat is one of the best supports, we can replace it with 

various organic and mineral products. Granulated inoculants: Microorganisms produced 

from powder inoculants and clay granules. This type of inoculants is applied in seeding 

grooves. Liquid inoculant: The inoculant is prepared with a diluted liquid culture of 

bacteria immediately before use. Agar media inoculants: This formulation has sat unused 

for a long time. Bacteria have a low survival rate. Pre-inoculated seed: Before marketing, 

the seed breeder performs the inoculation process. The bacteria only survive for a short 

time on the seeds (2 to 3 days)
11,59

.  

 

3.5. Industrial treatment 
 

In the same way that some seed treatments reduce inoculant infectivity, when the 

application is made before sowing, the stress on the rhizobia increases, and nodulation 

increases. As a result, it is critical to include specific bacterial protectors in the pre-sowing 

treatment. It is recommended to implement professional seed treatment processes as the 

inoculation operation's complexity grows due to the combination of different products used 

according to protection conditions and application times. These are implemented in 

centralized seed treatment sites within a company or distributor of agricultural inputs and at 

the industrial level (e.g., a pellet of alfalfa seeds)
60

.  
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Adapted recommendations are developed, not only for the products to be used but also 

for the application facilities and conditions of storage and transportation of the treated seeds 

until sowing. Professional application procedures improve nodulation and nitrogen fixation 

results for inoculation purposes to the extent that operational complexity (quantity of 

products to be applied, storage, and logistics conditions) increases. 

4. Conclusion and Future Perspectives 
 

The use of biofertilizers has several benefits via positive effects on the soils where 

they are applied. The use of biofertilizers, instead of chemical fertilizers, brings benefits to 

the soil in the long term; that is, from the time it starts to be applied, we can see results as 

the colonies of bacteria grow to inoculate the plants. Unlike chemical fertilizers, the 

amounts of nitrogen produced by symbiosis with microorganisms are much more controlled 

than the amount of nitrogen produced by adding nitrogenous derivatives to soils as 

chemical fertilizers.  

It is important to note that even though a high amount of N present in the soil can 

bring benefits, it can also have adverse effects to the plant as low resistance to disease, 

pests, stunting, and poor performance. The excessive use of fertilizers is just as harmful as 

the indiscriminate use of antibiotics, as it directly affects soil fertility and plant 

maintenance
61

.  

Researchers have worked hard to confirm that PGPR and biological nitrogen 

fixation in sugar cane and other crops occur by soil, rhizosphere, and endophytic 

microbes
36

. Many nitrogen-fixing organisms are identified as biofertilizers for plant growth 

and development in the rhizospheric community, including many microorganisms. 

Nitrogen-fixing organisms increase plant tolerance to abiotic stress, such as cold, heat, 

drought, salinity, heavy metals.  

In a study conducted by Egas
17

, cocoa plants were observed to have a favorable 

response to inoculation. It was seen that the benefits they had on plant growth were the 

same as those obtained in chemical fertilization. In this study, it was observed that the costs 
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of inoculation concerning chemical fertilization were very similar, so they contemplated the 

possibility of replacing agricultural practices. 

On the other hand, Gonçalves et al.
62

, in their research, show us that it is essential to 

use several sequencing methodologies to choose the best specimen for isolation. It is crucial 

the contribution to new research on microbial diversity and its fight against the protection 

of the plant against pathogens, new diseases, and antibiotic resistance
63

. 

The use of this type of biofertilizer is also intended to have medium- and long-term 

benefits. This microbial crop biotechnology, in addition to better fertilizer formulations and 

crop management practices for integrated nutrient management, along with appropriate 

extension services for farmers, Among its long-term benefits is the reduction in reactive 

nitrogen pollution that commonly contaminates air and water. 
64

  

This organic fertilizer would avoid the use of chemical fertilizers and animals, thus 

improving soil fertility. Not only do we have the benefits in the agricultural soil, but we 

also have a higher quality of the products. These new techniques could increase 

agriculture's profitability by being lower in cost. 
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