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ABSTRACT

Purpose and aim: This review systematically discuss the role of nitrogen-fixing bacteria
as biofertilizers in enhancing agricultural productivity, with particular focus on four major
genera, Azotobacter, Azospirillum, Rhizobium, and Gluconacetobacter, and evaluates
their potential as sustainable alter-natives to chemical nitrogen fertilizers.

Methods: A structured literature search was conducted in PubMed, Web of Science and
Scopus for English-language papers from 2010 onward, using combinations of the
keywords including “nitrogen-fixing bacteria, biofertilizer, Azotobacter, Azosprillium,
Rhizobium, Gluconoacetobacter, crop yield and sustainable agriculture”. We included
peer-reviewed original research articles, field trials, meta-analyses, and relevant reviews,
excluding editorials, conference abstracts, case reports, duplicate publications. From 1247
initial records, we critically evaluated 82 primary studies and 5 meta-analyses.

Results and Conclusion: Nitrogen-fixing bacterial inoculation significantly enhances
crop productivity, with crop-specific responses varying: Azospir-illum shows particular
efficacy in wheat and maize, Rhizobium improves wheat yields, and Azotobacter benefits
chickpea. Co-inoculation outperforms single-strain applications, increasing common bean
yield (34%), chickpea (19%), and soybean (2%). Nitrogen fixation rates range from 20—40
kg N/ha/year for free-living and associative fixers to 50-100 kg N/ha for
symbiotic Rhizobium. Field evidence indicates biofertilizer application can reduce chemical
nitrogen requirements by 25-50% while maintaining yields. Although biofertilizers
represent a viable strategy for reducing chemical ferti-lizer dependence, adoption faces
barriers including formulation challenges, inconsistent field performance, and regulatory
gaps. Future research should prioritise strain selection, formulation technology, and
understanding plant-microbe-environment interactions to optimise field efficacy.

What is
known”:

“already

Chemical fertilizers have low use efficiency (<30%), with the majority contributing to
environmental pollution, soil degradation, and human health risks.

Biological N fixation by diazotrophic bacteria (Azotobacter, Azospirillum, Rhizobium,
and Gluconacetobacter) can reduce dependence on synthetic fertilizers

What this article adds:

Recent meta-analytical evidence quantifying crop-specific efficacy of nitrogen-fixing
bacteria, with effect sizes across wheat, maize, and chickpea.

e Co-inoculation strategies, identifies commercialisation barriers including formulation

challenges and regulatory gaps
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Biofertilisers by N2-fixing bacteria for efficient agricultural
1. INTRODUCTION

Conventional agriculture relies heavily on
synthetic fertilizers and pesticides, creating unstable
agro-ecosystems and generating environmental
pollution that affects agricultural, environmental,
industrial, and health sectors [1]. The proper and
balanced use of fertilizers, whether chemical, animal,
plant compost, or green manure, remains fund-
amental to maintaining soil fertility and increasing
crop yields [2].

Global population growth and rising food demand
have driven a substantial increase in chemical
fertilizer use over recent decades. This intensification
aims to maximize production per unit area but carries
high costs: elevated production expenses, water and
soil resource contamination, nutrient imbalance,
reduced product quality, and risks to human and
animal health [3]. Given these consequences,
biofertilizers derived from bacteria, fungi, algae, or
other soil organisms have gained attention for their
ability to enhance plant nutrient uptake through
biological mechanisms [4].

Biofertilizers offer economic and environmental
advantages beyond simple nutrient provision. They
contribute to resource sustainability, increase long-
term production capacity, and reduce environmental
pollution [4]. They can boost plant growth and yield
by 10-40% while improving nutrient use efficiency
[5]. Field evidence shows biofertilizer application can
reduce nitrogen requirements by 50% and phos-
phorus requirements by 25% [6].

Composting, the biological decomposition of
organic materials, depends critically on microbial
activity. More capable microorganisms have shorter
processing time and produce more mature bio-
fertilizer. Under controlled moisture and aerobic
conditions at temperatures of 60-75°C, organic
materials decompose to yield stable compost suitable
as organic fertilizer [7]. The microbial population-
particularly extremophiles or mesophiles capable of
surviving elevated temperatures- determines product
quality [8].

Nitrogen stands as the most limiting nutrient for
crop production, constituting the primary component
of proteins and nucleic acids. Despite its abundance
in the atmosphere (78%), plants cannot directly
assimilate molecular nitrogen (N,) [1]. Nitrogen
deficiency reduces yields more severely than
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deficiencies of other nutrients. In meeting food
production demands, nitrogen management becomes
pivotal. The challenge lies in optimizing nitrogen
fertilization to enhance yields while minimizing
inefficiency and pollution [4].

Biofertilizers offer a viable pathway to reduce or
eliminate chemical fertilizer use. Environmental
concerns, rising production costs, and recognition of
chemical fertilizers' adverse effects on biological
cycles and agricultural sustainability have made this
approach imperative [9]. Biofertilizers contribute to
nutrient cycling, nitrogen fixation, nutrient provision,
pest resistance, improved soil physicochemical pro-
perties, and seedling establishment. Their growth-
promoting effects characterize them as Plant Growth
Promoting Rhizobacteria (PGPR). Genera including
Clostridium, Bacillus, Azotobacter, Azospirillum,
and Pseudomonas fluorescens establish mutualistic
associations with plant roots, converting unavailable
nutrients to available forms through biological pro-
cesses, thereby enhancing root development and seed
germination [10, 11].

Crop quality improvement depends directly on
microbial inoculant type and application conditions.
Current research largely emphasizes strain devel-
opment and understanding rhizosphere modes of
action, with limited investigation into inoculant
nitrogen-fixing bacteria [12]. A recent meta-analysis
of 80 studies examining factors influencing nitrogen-
fixing bacteria efficacy found significant overall pos-
itive effects on crop yield (Hedges' g = 1.263, 95% CI:
1.159-1.367); however, substantial heterogeneity
underscores the need for targeted application
strategies [13]. This review provides a comprehensive
synthesis of nitrogen-fixing bacteria's role in agric-
ultural productivity, with practical recommendations
for their integration into sustainable farming
systems.

2. FERTILIZERS: TYPES, EFFECTS,
AND SUSTAINABLE ALTERNATIVES

Fertilizers fall into four categories: mineral, chem-
ical, biological, and organic. Mineral fertilizers- such
as phosphate rock- contain plant nutrients in their
raw natural state. Chemical fertilizers result from
industrial processing: purification, conversion, or
combining abundant elements (like atmospheric nitr-
ogen) with others to create plant-usable compounds
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[14]. Simple fertilizers provide a single nutrient (urea
supplies only nitrogen); compound fertilizers supply
multiple nutrients (nitrofoska contains nitrogen,
phosphorus, and potassium). Fertilizers may supply
macroelements (nitrogen, phosphorus, potassium,
calcium, magnesium, sulfur) or microelements (iron,
zinc, manganese, copper, molybdenum, chlorine,
boron). Complete fertilizers contain all these elem-
ents in appropriate proportions, with application
rates determined by plant requirements and soil test
results [14].

‘h‘ ‘

Research across multiple continents indicates that
crops absorb only slightly over 30% of applied chem-
ical fertilizers; approximately 70% enters natural
cycles in various forms [15]. This inefficiency
generates adverse environmental and health
consequences affecting soil, living organisms,
ecosystems, and surface and groundwater quality
(Figure 1) [3, 15].

Figure 1. The most important effects of using chemical fertilizers

2.1. Organic Fertilizers

Organic fertilizers derive from natural sources and
undergo microbial decomposition, releasing minerals
gradually through chemical reactions or microbial
activity. Any decomposable substance releasing plant
nutrients qualifies as organic fertilizer. Beyond
improving soil fertility, organic fertilizers affect soil
physical properties. Major organic matter sources
include animal waste, plant residues, sewage sludge,
and municipal waste compost, materials gaining
attention with the rise of organic agriculture. Their
key features (affordability, non-polluting nature, and
environmental compatibility) support biological
activity and enhance various plant capabilities.
Organic fertilizers encompass livestock manure,

green manure, agricultural waste, and municipal
waste compost [16].

2.2 Biofertilizers

Sustainable agriculture requires meeting plant
nutritional needs through soil-dwelling living organ-
isms. Biofertilizers provide an effective solution [17].
These products contain sufficient numbers of one or
more beneficial soil organisms in a carrier material.
Following seed application, they survive in soil,
improve fertility, and promote plant growth by
increasing beneficial microorganism populations in
the root zone [18]. Biofertilizers extend beyond
animal manures or plant additives to include pro-
ducts resulting from microbial activity in nitrogen
fixation or nutrient availability [12]. Thus, micro-
organisms are essential to the process. However,
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constraints such as prolonged environmental stresses
(drought, temperature extremes, frost, flooding,
excessive pesticide use) and absence of suitable host
plants reduce desired microorganism populations in
soils [16].

Biofertilizer comprises a high concentration of
beneficial soil organisms or their metabolic products
combined with a preservative, produced specifically
to supply plant nutrients. These microbial inoculants
contain effective, highly efficient strains providing
one or more plant nutrients [18]. Microorganisms
convert nutrients from unavailable to available forms
through biological processes. Growth-promoting bac-
teria act directly through biological nitrogen fixation,
phytohormone production, and enhanced nutrient

Bacterial biofertilizers

Rhizobium, Azotobacter, Azospirilium, Gluconacetobacter,
Bacillus, Pseudomonas
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uptake and availability. Optimizing biofertilizer
application requires selecting suitable strains with
tolerance to environmental stresses [12].

Biofertilizer use reduces chemical fertilizer con-
sumption, consequently lowering transportation,
storage, and distribution costs [17]. It maintains and
develops soil fertility, prevents pollution from resi-
dual chemical fertilizer compounds, and reduces
diseases caused by contaminated water and nitrogen-
compound-contaminated products [12]. Additional
advantages include immediate usability after pur-
chase, small size, light weight, and easy trans-
portability [17]. Classification of biofertilizers has
been illustrated in Figure 2.

Fungal biofertilizers

Mycorrhizae (arbuscular, ectomycorrhizal), Trichoderma

|

( Classification of

Biofertilizers

Algae biofertilizers

Cyanobacteria (Anabaena, Nostoc), Azolla

Actinomycete biofertilizers

Actinomyces, Catenulispora, Corynebacteria, Streptomyces,
Stereptosporanginae

Figure 2. Classification of biofertilizers

3. NITROGEN-FIXING BACTERIA:
DIVERSITY, MECHANISMS, AND
AGRICULTURAL SIGNIFICANCE

Nitrogen, the most abundant atmospheric
element, is essential for living organisms and affects
plant growth. Plants cannot directly use atmospheric
N; diazotrophic microorganisms must transform it

through a complex process (Figure 3) into forms

absorbable by plant roots [19]. This conversion of N,

to ammonia by diazotrophic microorganisms

constitutes biological nitrogen fixation (BNF).
Following photosynthesis, biological fixation of
atmospheric nitrogen into ammonia ranks as the
second most important biological process on Earth.
In the absence of chemical fertilizers or manures,
natural ecosystems depend on this biological

conversion by diverse prokaryotic microbes [19].
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Figure 3. Diagram of the nitrogen cycle.

Bacteria and fungi remain the only organisms
capable of converting atmospheric N, into plant-
usable forms [20]. Symbiotic interactions with plant
roots involve various bacterial species: Azotobacter,
Enterobacter, Arthrobacter, Acinetobacter, Bacillus,
Bradyrhizobium japonicum, Serratia, and Rhizo-
bium species [10]. Compost containing nitrogen-
fixing microbial strains improves nitrogen meta-
bolism, and adding nitrogen-fixing PGPR to compost
enhances plant growth through improved nitrogen
availability [16].

In BNF, nitrogenase in diazotrophic micro-
organisms converts atmospheric N, to NH;. BNF
contributes more than 21,013 g of nitrogen globally
annually [12]. Nitrogenase comprises two com-
ponents: a dimeric Fe protein (dinitrogenase reduc-
tase) and a heterodimeric MoFe protein (dinitro-
genase). The Fe protein functions as an ATP-
dependent electron donor; the MoFe protein serves as
the catalytic site. Diazotrophs possess molybdenum-
iron nitrogenase. Where molybdenum is scarce, some
microbes exhibit alternative nitrogenases with
vanadium-iron or iron-iron cofactors, documented in
Azotobacter vinelandii and Rhodobacter capsulatus.
Nitrogenase is oxygen-sensitive; in the Fe protein, the
[4Fe-4S] cluster exposed on the surface bridges the
dimer subunits. Nitrogenase requires at least 20
nitrogen fixation (nif) genes in aerobic diazotrophic
bacteria [12]. Diazotrophic bacteria occur on leaf
surfaces and in surrounding areas (phyllosphere) or
around roots and rhizosphere of many plant species.
Factors affecting diazotroph growth and survival, and

consequently nitrogen fixation, include adequate
phosphorus supply, inorganic nutrients (especially
trace elements), and environmental pH [21]. Nitro-
gen-fixing bacteria divide into three groups [22]:
Aerobic bacteria: Found in diverse habitats
including water, soil, and animal bodies; fix nitrogen
in oxygen presence while producing hydrogen during
metabolic reactions. Examples include Azomonas,
Azotobacter, Azospirillum, Beijerinckia, Derexia,
and Mycobacterium.

Anaerobic bacteria: Nitrogen fixation proceeds
through enzymatic cycles with nitrogenase trans-
ferring atmospheric nitrogen to ammonia. These
enzymes are oxygen-sensitive, requiring anaerobic
conditions. Important genera include Clostridium,
Chlorobium, Chromatium, and Desulfovibrio.
Facultative anaerobic bacteria: Include Bacillus,
Enterobacter, Escherichia coli, Klebsiella, Pseudo-
monas, and Rhodospirillum.

3.1 Azotobacter

Azotobacter biofertilizer meets the nitrogen needs
of crops, vegetables, summer crops, and fruit trees
[23]. By fixing atmospheric nitrogen and transferring
it to plant growth systems, this fertilizer balances abs-
orption of essential substances. Secreting the growth
hormone auxin increases root and shoot deve-
lopment, consequently increasing per-unit-area pro-
duction. Additionally, Azotobacter prevents invasion
by many soil-borne pathogens through secretion of
various antibiotics and hydrogen cyanide [23].
Classification criteria include flagella presence,
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pigment production, cyst formation, and genetic
chara-cteristics (Table 1) [24]. The most common
species appear in Figure 4. Azotobacter chro-
ococcum, the most important species, produces
water-insoluble brown to black pigment, synthesizes
and excretes thiamine, riboflavin, pyridoxine, cyano-
cobalamin, niacin, pantothenic acid, indol-3-acetic
acid, and gibberellin, and produces an antifungal
antibiotic active against various soil fungi [25].

A. chroococum A. salinestris A. nigricans

Soil inhabitant,
Cyst-producing,

Salt-tolerant;
isolated from

Aquatic, Cyst-

free, black
pigment

saline
environments

Brown to black
pigment

A.paspali

Soil inhabitant,
cyst-producing,

fluorescent
pigment

Table 1. Classification of Azotobacter

Domain Bacteria
Kingdom Bacteria
Pseudomonadota
Phylum (Proteobacteria)
Class Gammaproteobacteria
Order Pseudomonadales
Family Pseudomonadaceae
Genus Azotobacter
7 species: A. chroococcum, A.
. vinelandii, A. beijerinckii, A.
Species

nigricans, A. armeniacus, A.
salinestris, A. paspali

A. armeniacus A.vinelandii

A beijerinki

Soil inhabitant
and aquatic,
cyst producer,

light yellow- green
brown pigment fluorescent
pigment

Produces
yellow-orange
pigment;
isolated from
Armenian soils

Soil inhabitant,
cyst-producing,

Figure 4. The most common species of Azotobacter

Azotobacter is Gram-negative with polymorphic
forms (rod, ellipsoid, spherical) 3-7 um long and 1.5-
2 um diameter, occurring singly, in pairs with regular
bundles, sometimes in chains [24]. Azotobacter
species do not sporulate but typically form cysts. They
are motile or non-motile via peripheral flagella. In old
cultures, cells become dense and spherical with
thickened walls, forming cysts. Cysts resist adverse
environmental conditions such as heat and dryness
more effectively than vegetative forms. Cyst form-
with polybeta-hydroxybutyrate
(PHB) accumulation, visible as transparent, colorless

ation associates

granules under conventional microscopy. When
transferred to a suitable culture medium, cysts
germinate: the central part enlarges, cracks appear in
the cyst coat, and the cell is released. Under dry
conditions, cysts may survive for decades [24].

Optimal activity temperature ranges from 20-30°C.
Soil calcium is essential for cyst formation and affects
Azotobacter distribution [26]. Nutrient levels, espe-
cially nitrogen and phosphorus, affect Azotobacter
growth: phosphate fertilizers increase bacterial
growth while excessive nitrogen fertilizers limit it.
Typically, Azotobacter counts are less than 104 per
gram of soil. Azotobacter grows in habitats including
soil, leaf surfaces, freshwater, and various regions
from tropical to polar. Abundance varies across soils,
primarily in alkaline to neutral soils, and is rare in
poor and acidic soils [26]. Azotobacter is aerobic and
heterotrophic, characterized by non-symbiotic (free-
living) nitrogen fixation, distributed in soil, water,
and sediments [25].

Its agricultural importance stems from syn-
thesizing plant growth stimulants (auxin, gibberellin,
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cytokinin), exopolysaccharides, pigments, phosphate
solubilization, and siderophore production, which
increase growth hormones, root density, and hairy
roots, enhancing nutrient absorption, especially
macronutrients such as phosphorus and potassium
[23, 25]. Additional advantages include antagonistic
effects against pathogens, antibiotic and antifungal
substance synthesis to combat fungal pathogens
(Fusarium, Sclerotium, Rhizoctonia solani), and
production of various vitamins, especially B vitamins,
pantothenic acid, and nicotinic acid, vitamin
production increases under diazotrophic conditions
and in the presence of Lack sufficient carbon
nutrition [23]. Azotobacteria also synthesize amino
acids including arginine, lysine, tryptophan,
histidine, cysteine, and palmitic acid [25].

Azotobacter, alongside Azospirillum, Klebsiella,
Enterobacter, and Pseudomonas, occurs primarily
near the roots of gramineous species. Among these,
Azotobacter receives more attention due to its
abundance, wide distribution, and prevalence in
temperate soils. In well-drained agricultural soils,
free-living Azotobacter performs the greatest amount
of nitrogen fixation [25].

Molybdenum is essential for nitrogen fixation,
though Azotobacter can substitute vanadium. Most
Azotobacter species use ammonium salts, nitrates,
and certain amino acids as nitrogen sources [24].
Azotobacter possesses active catalase and superoxide
dismutase enzymes, essential for protecting nitro-
genase from oxygen. Nitrogen fixation rates are
influenced by multiple biotic and abiotic factors:
carbon, nitrogen, phosphorus, molybdenum, tem-
perature, moisture, nitrification, and soil microbial
community [24].

As a heterotrophic bacterium, Azotobacter req-
uires soil with high organic matter content for carbon
supply. Azotobacter exhibits antagonistic relation-
ships with many soil microorganisms, including
controlling pathogenic fungal growth [23]. Positive
effects of organic matter on Azotobacter growth and
nitrogen fixation are well established [25]. Increasing
carbon supply and creating high C/N ratios enhance
Azotobacter nitrogen fixation contributions. Plant
residues increase soil organic carbon proportions,
and growing plant roots also contribute organic
carbon. A significant proportion of photosynthetically
fixed carbon is released into the rhizosphere as root
exudates or decaying root cells. Consequently, soil

BiotechIntelect, 2026; Vol. 3, No. 1, e13 (1-19)

microorganism populations, including Azotobacter,
are typically higher in the rhizosphere than in non-
rhizosphere soil [25].
3.1.1. Biological control of plant pathogens

Rhizospheric bacteria including Azotobacter
control diseases such as wheat blight, tobacco black
rot, Fusarium wilt in tomatoes and beans, and
sugarcane root rot [27]. Biological control reduces
host plant damage through competitive mechanisms:
parasitic relationships, predation, occupation of
suitable root sites, or production of growth-inhibiting
substances such as bacteriocins, chitinase enzymes,
and fungal cell wall dissolution. Beneficial bacteria,
including Azotobacter, strengthen plants by pro-
ducing growth-stimulating hormones, amino acids,
vitamins, siderophores, and increasing solubility and
absorption of nutrients such as iron, phosphorus, and
zine, thus preventing disease development as a
secondary complication [27].
3.1.2. Heavy metal bioremediation

Azotobacter effectively removes heavy metals
from agricultural and industrial wastewater. These
bacteria produce various capsule-like and exopoly-
saccharide polysaccharides that remove significant
amounts of heavy and harmful elements such as lead,
nickel, and cadmium. Mercury, harmful to human
and animal health, can be decomposed by some
Azotobacter species synthesizing two enzymes:
mercuric reductase and organomercurial lyase.
Mercuric reductase converts Hg2* (inorganic mercury
compounds) to Hg° which volatilizes from the
system. Organomercurial lyase first converts organic
mercury compounds' carbon bonds to Hg2*, then
mercuric reductase converts Hg2* to Hg® [28].

3.2 Azospirillum

The genus Azospirillum belongs to Alpha-
proteobacteria. Species are characterized as asso-
ciative, facultative, endophytic, microaerophilic, and
diazotrophic [29]. These microbes are isolated from
roots and above-ground parts of various crop plants
including forage grasses, cereals, legumes, millets,
and soils. They colonise root surfaces and interiors.
Azospirillum belongs to the family Rhodospirillaceae
with five major species: A. brasilense, A. halo-
praeferense, A. lipoferum, A. amazonense, and A.
irakense. Azospirillum 1is Gram-negative, non-
nodulating, and an aerobic-associative nitrogen-
fixing bacterium. It occurs in plants with Cgq
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dicarboxylic photosynthesis, including sugarcane,
maize, sorghum, bajra, and cereals such as wheat,
rice, and barley. It produces gibberellins and indole
acetic acid, facilitating nutrient uptake and pro-
moting root growth. Carbon sources include organic
acids, L-arabinose, D-fructose, D-glucose, sucrose,
pectin, and D-gluconate; nitrogen sources include
amino acids, ammonium, and ammonia [29]. Azo-
spirillum respires aerobically, has nitrate-reducing
properties, produces growth-promoting hormones
such as auxin, increases water and mineral uptake,
root development, and vegetative growth, and fixes
20-40 kg nitrogen per hectare while increasing yields

BiotechIntelect, 2026; Vol. 3, No. 1, e13 (1-19)

3.2.1. Azospirillum-based biofertilizers
Azospirillum is applied as a biofertilizer in
wetlands across many countries including Italy,
Mexico, Belgium, Africa, the USA, Pakistan, France,
Germany, Uruguay, Australia, Argentina, and Brazil
[12]. Numerous studies investigate Azospirillum's
positive impacts on plant life, particularly nitrogen
fixation capacity, though recent studies emphasize
alternative plant growth-promoting characteristics
[30, 31]. A meta-analysis found Azospirillum boosted
wheat yields (Hedges' g = 1.312) and showed strong
efficacy in maize [13]. The beneficial effects of
Azospirillum-based Dbiofertilizers are shown in

by 15-30% [14]. Figure 5.
Resistance to
draught stress,
i water stress Increase in
I}Iil)t(gg%enn photosynthetic
pigments

Increase
permeability of
plasma membrane

N Improve seed
helps uptake of »§ germination
nutrients ‘ &
Production of
antimicrobial & Root system

antifungal development
substances
Increased crop
Phytohormone yield & soil
& vitamin Production of fertility
production

siderophores to
sequester iron

Figure 5. Beneficial effects of Azospirillum-based biofertilizers

Siderophores also contribute to growth promotion
[29]. Phytohormones enhance nutrient and water
absorption by stimulating root system development,
and the use of phytohormone-producing Azo-
spirillum strains in commercial inoculant formul-
ations is recommended for integration with con-
ventional N-fertilizer doses. Certain Azospirillum
strains solubilize phosphate, making it bioavailable to
plants and contributing to enhanced crop yields [30].
Research on Azospirillum inoculation effects across
various crops shows notable yield and growth
parameter improvements, particularly in wheat and
maize, followed by rice and sorghum, with barley and

oats receiving less attention. Enhancing efficacy
through co-inoculation with other microorganisms
improves economic viability [29].

3.3 Rhizobium

Rhizobium occurs naturally in soil and the root
environment of leguminous and non-leguminous
plants [32]. Nitrogen fixation capacity depends on
legume species and environmental conditions [33].
Rhizobium fixes 50-100 kg N/hectare per growing
season, and biofertilizer application increases legume
yields by 10-35% [32]. Meta-analytical evidence
shows Rhizobium improves wheat yields (Hedges' g =
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0.883) [13]. Bacteria grow well on root exudates,
though no single exudate component specifically
stimulates growth. Rhizobium excretes abundant
polysaccharides effective in binding soil particles. It
survives low temperatures but is sensitive to storage
pesticides, antibiotics, and other agricultural
chemicals. Acid-producing Rhizobia (R. phaseoli, R.
trifolii, R. leguminosarum, R. meliloti) exhibit fast
growth; non-acid-producing Rhizobia (Azorhizo-
bium, Bradyrhizobium) grow slowly [33]. Bradyr-
hizobium is unicellular, spherical, rod-shaped, X-
shaped, or Y-shaped (0.3-0.5 pm), belonging to
Rhizobiaceae. They are flagellated, motile, non-
nucleated, Gram-negative, chemoheterotrophic, sym-
biotic with legumes, and aerobically respiring.
Bradyrhizobium is sensitive to antibiotics produced
by other microorganisms and to other bacterial
reactions [34]. Various Rhizobium strains form
nodules on specific leguminous plants, enhancing

growth, increasing nutritional value, and improving
soil fertility. Rhizobium nitrogen fixation reduces
legume dependence on chemical fertilizers compared

Enhancing
productivity

N

Enhancing growth
of plants

Fixing atmospheric
nitrogen

Increasing rhizosphere
bacteria

BiotechIntelect, 2026; Vol. 3, No. 1, e13 (1-19)

to non-legumes. Inoculating effective rhizobia strains
into various legumes significantly increases plant
biomass and grain yield [35]. A global meta-analysis
of 158 articles from 1980 to 2022 examined
synergistic interactions in legume-AMF-rhizobium
systems, finding that rhizobial inoculation
significantly increased legume plant nitrogen
content, phosphorus content, shoot biomass, and
yield [36]. Co-inoculation of legume crops with
rhizobia and plant growth-promoting rhizobacteria
increased yields of common bean (+34%), chickpea
(+19%), and soybean (+2%) [37]. Nevertheless,
failures and inconsistencies in achieving augmented
yields following rhizobia inoculation under field
conditions have been documented [35].
3.3.1. Rhizobium-based biofertilizers

The use of rhizobium-based biofertilizers began in
India in the early 1970s [32]. The trial's success led to
analogous treatments for other legumes and cereal
crops [38]. Beneficial effects of Rhizobium-based
biofertilizers appear in Figure 6.

Reducing soil-born ] ] -
pathogens Increasing soil fertility &

grainyield

Phytohormone & Siderophore
production

Improving nutrients
availability

Nodule formation on
legume roots

Figure 6. Beneficial effects of Rhizobium-based biofertilizers

Rhizobium Dbiofertilizer production can use
molasses as the primary carbon source in growth
media, with potential for industrial-scale application
[38]. Storage at 4°C is optimal for carrier-based
inoculants; sodium alginate is the most effective
carrier material [39]. Appropriate media selection
positively affects food quality and quantity [38].

Rhizobium specificity and efficacy for leguminous
crops depend on host specificity, nodulation capa-
bility, nitrogen fixation efficiency, and environmental
stress tolerance. Key quality assessment parameters

include instructions and labelling, carrier materials,
pH, moisture content, cell viability, and shelf life.
Regulatory agencies must implement these para-
meters to guarantee reliability [38]. In the United
States, the Dbiofertilizer market is dominated by
Rhizobium products alongside mycorrhizal fungi and
Azospirillum. However, the term "biofertilizer" lacks
a universally accepted definition, and the US market,
projected to exceed $1 billion by 2029, lacks clear
production and sale guidelines [6]. Rhizobium-
derived biofertilizer plays a pivotal role in promoting
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plant growth. Rhizobium enhances growth through
phytohormone and siderophore pro-duction [41].
Inoculating cereal grains with Rhizobium enhances
yield and other advantageous outcomes. Rhizobium
also serves as a crucial bio-control agent [33].
Rhizobium Dbiofertilizers enhance grain yields,
particularly in leguminous crops, through root
growth stimulation and enhanced nutrient uptake
[38]. Application increases the quantity and quality of
vital enzymes and hormones, including auxins,
essential for plant growth [41]. Optimal outcomes
sometimes result from Rhizobium application with
other microbial strains including Pseudomonas and
Bacillus [38]. Co-inoculation proves superior to
single inoculation with rhizobia, improving legume
productivity —across various agronomic and
environmental conditions [37]. Thus, Rhizobium
biofertilizer application with other mic-robial strains

enhances efficiency [38].
3.4.Gluconacetobacter (formerly Acetobacter)

Gluconacetobacter  (formerly classified as
Acetobacter) is Gram-negative and appears as oval or
rod-shaped cells. This genus belongs to Aceto-
bacteraceae, classified as motile, aerobic, and capable
of incomplete oxidation of sugars and alcohols to
organic acids as metabolic end products. These
organisms thrive in highly acidic environments (pH
3.0-3.5), with optimal pH 5.0-6.5. Gluconacetobacter
accelerates plant growth through growth hormone
production [42]. Gluconacetobacter has one impor-
tant species, Gluconacetobacter diazotrophicus (ori-
ginally described as Acetobacter diazotrophicus),
capable of growing on methanol, ethanol, acetate,
amino acids, and producing H,S. This species was
discovered in 1988 within Brazilian sugarcane plants
and reclassified from Acetobacter to Gluco-
nacetobacter based on 16S rRNA analysis. It oxidizes
acetate and lactate to carbon dioxide and water. As an
obligate aerobic and nitrogen-fixing bacterium, G.
diazotrophicus requires oxygen to produce high ATP
amounts for nitrogen fixation [42].
Gluconacetobacter diazotrophicus is an endo-
phyte, prokaryotes associated with plants through
internal tissues [43]. This species does not utilize
tricarboxylic acids for growth and adapts to high
osmolarity and sucrose content (10-30%). Cultivation
with high sugar content reveals that ammonium
addition only partially inhibits nitrogenase activity. It
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exhibits high acid tolerance, effectively fixes nitrogen
in nitrate concentrations exceeding 10 mM, and
reduces oxygen's detrimental effects on nitrogenase
through oxidative metabolism in the periplasmic
space at the membrane level [42]. A second nitrogen-
fixing species, Acetobacter nit-rogenifigens (now
considered within Gluco-nacetobacter), was isolated
from Kombucha tea in India. This species exhibits
polar flagella resembling those of Gluconobacter and
produces brown pigment and y-pyrene compounds,
indicating potential for 2-ketogluconate and 2,5-
diketogluconate synthesis as documented in
Gluconobacter and Gluconaceto-bacter research
[44]. Gluconacetobacter diazotro-phicus produces
gibberellic acid and indole acetic acid, aiding root
proliferation, nutrient and water uptake, and
phosphate solubilization, benefiting sugarcane
growth and sugar recovery [12]. Suman et al. [45]
applied one G. diazotrophicus strain (IS100) with
Azospirillum brasilense and  Azotobacter
chroococcum to evaluate nitrogen efficiency in Indian
sugarcane. G. diazotrophicus demonstrated optimal
yield results, with combinations showing notable pro-
ductivity enhancement. De la Cruz et al. [46]
evaluated G. diazotrophicus application on sugarcane
stem piece germination in the Philippines, testing
different cell densities (108, 101°, 1012 cells/ml) and
application methods (spray, 2-hour immersion, 2-
minute dipping). Inoculation increased plant
survival, height, and shoot/root biomass compared to
controls at 45 days after planting. The 1012 cells/ml
immersion treatment produced the greatest height,

biomass, and root mass.

4. EFFECTS OF NITROGEN-FIXING
BACTERIAL BIOFERTILIZERS ON
AGRICULTURAL PRODUCTIVITY

Recent studies have emphasized the importance of
nitrogen-fixing bacterial biofertilizers for increasing
agricultural yields. Mondal et al. [47] found that
Rhizobium meliloti involved in N, fixation produced
chitinase and increased peanut yields. Alfalfa-Rhizo-
bium symbiosis enhances nitrogen fixation,
phytohormone production, and plant growth [48].
Mfilinge et al. [49] showed that soybean inoculation
with Rhizobium strains improved growth and yield
components, including branches with pods per plant,

total pods, and seeds per pod. Rhizobium legumino-
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sarum inoculation on pea and lentil seeds increased
nodulation, shoot and root weight, and seed yield
[50]. Variations in rhizosphere microbial commu-
nities and their interactions with bradyrhizobia
influence soybean symbiotic efficiency [51]. Quality
control analysis of Rhizobium biofertilizer using coal
ash and mulatani mitti as inert solid carriers showed
that coal ash supported favorable growth for
approximately two months compared to mulatani
mitti [52]. Abdallah et al. [53] analyzed co-inoculant
attri-butes using charcoal-based carriers stored at
ambient temperature (25-30°C) or refrigeration
(4°C). Via-bility testing after three months showed
sustained counts for both rhizobia and phosphate-
solubilizing bacteria. Co-inoculation of Rhizobium
and phos-phate-solubilizing bacteria enhanced
legume yield and seed quality [54]. A global meta-
analysis demon-strated that co-inoculation of
rhizobia and PGPR increased yields of common bean
(+34%), chickpea (+19%), and soybean (+2%), with
Pseudomonas and Bacillus as the most effective
genera, followed by Azo-spirillum. Microbial
consortia also exhibited satisfactory shelf life without
antagonistic effects [55]. Sangwan et al. [56] reported
that Bacillus strain SYB 101 increased wheat (variety
WH 711) seed yield by 32% and variety Raj 3765 by
23%, while Azo-tobacter chroococcum inoculation
caused only a 7.5% increase in Raj 3765. Chaudhary
et al. [57] observed that salinity-tolerant Azotobacter
strains significantly increased total nitrogen,
biomass, and grain yield in saline soil under pot
conditions, with strain ST 24 at 120 kg N/ha showing
the greatest effect. Wang et al. [58] studied
Azotobacter chroococcum nitrogen fixa-tion, noting a
158% increase when a carbon source was applied at 4
ug/ml due to altered nitrogenase structure. Yousefi
and Barzegar [59] reported that combined
Azotobacter and Pseudomonas inoculation increased
wheat grain yield, harvest index, biomass, and protein
content by 34, 7, 12, &13%, respectively.

Azotobacter inoculation under various conditions
has increased crop productivity by 10-12%. Different
Azotobacter species fix 20-40 kg N/ha/year, and
selected strains improve germination, seedling
vigour, and wheat grain yield [60]. Jain et al. [60]
found that all 24 Azotobacter strains produced
siderophore, HCN, and ammonia, with genetic
analysis revealing high diversity and clustering into
two major groups at a 0.64 similarity coefficient.
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Azotobacter inoculation significantly enhanced maize
growth parameters in pot studies.

Galindo et al. [61] demonstrated that Azospirillum
brasilense reduces nitrogen fertilization, enhances
plant nutrition, and increases wheat biomass and
grain yield. Alen'kina and Nikitina [62] evaluated
lectins from Azospirillum brasilense strains Sp7 and
Sp245 on wheat germination under abiotic stress.
Lectins neutralized negative effects of heavy metals,
hypo- and hyperthermic stress, salinization, and
drought to varying degrees. Heavy metal exposure
produced the most significant germination effects.
Lectins stimulated wheat seedling root length and
number, with Sp245 lectin showing higher efficiency.

Dual inoculation strategies sometimes yield
greater plant growth stimulation and yield increases
than single inoculation [63]. Combined Bradyrhizo-
bium spp. and Azospirillum brasilense inoculation
significantly increased soybean yield compared to
single Bradyrhizobium inoculation in field exper-
iments [64]. Rhizobia with Anabaena laxa and
Trichoderma sp. promoted nodulation, nitrogen
fixation, and yields in pea, chickpea, and lentil [65].
Kavadia et al. [66] evaluated symbiotic associations
on cowpea in pot-gnotobiotic trials with or without
Sinorhizobium meliloti and three mycorrhizal fungal
species (Dominikia disticha, Claroideoglomus etun-
icatum, Rhizophagus irregularis). Both mycorrhizal
fungi and nitrogen-fixing bacteria increased above-
ground biomass, though effects depended on fungal
species. Single mycorrhizal inoculation improved
cowpea growth and phosphorus uptake, but nitrogen-
fixing bacteria were needed to address nitrogen
deficiency. Cowpea nitrogen content increased with
both symbionts, while phosphorus content was
minimally affected. Table 2 shows that recent studies
have focused on using biofertilizers enriched with
nitrogen-fixing bacteria to increase agricultural
efficiency.
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Table 2. Using biofertilizers enriched with nitrogen-fixing bacteria to increase agricultural efficiency

Biofertilizer N-fixing bacteria Crop Experimental scale Environment felglflecﬁgfer Main outcome Mechanism Ref
N-enriched P-and K- Beijerinckia indica Sugarcane  Field split-plot; 4 Brazil; Ultisol, low Not quantified Cot‘f;f(’:rtibslglngfgent BNF + Acidithiobacillus- L10]
rock biofertilizer NFB10o001 ug replicates; 2 years P/K qu }lelztilizer u mediated P/K release 4
Azospirillum-based Pot experiment; Controlled water Strain B3: 43-109% N fixation + auxin + P
. A. lipoferum B1, B2, B3 Wheat ’ stress (80, 50, 25% Not evaluated yield increase under solubilisation + ACC- [67]
inoculant drought stress FC) drought deaminase
P . . Two field trials; 4 Brazil, humid 50% (50 vs 100 Favourable Associative N fixation + root
Liquid biofertilizer A. brasilense Wheat . ’ 4 agronomic . . [68]
replicates mesothermal kg N/ha) stimulation
performance

Seed inoculant + . . . . . o Increased plant N fixation + phytohormonal
bioregulator A. brasilense Maize Field trial Brazil 50% height and grain yield stimulation [69]
N supplementation . . . . . . Enhaqced N Biochar + BNF +

N-fixing bacteria Various Field/lab studies Various; Improved NUE retention, reduced e [70]
strategy losses nitrification inhibition

Reduced .
Biofertilizer N-fixing bacteria Bell Greenhouse Controlled chemical Improved production  BNF + phytohormone [71]
pepper fertilizer and quality production

G. dinzotrophicus, Improved rooting and
Diazotrophic inoculant  Burkholderia, Sugarcane  Greenhouse/field Various Reduced N I‘OI\)Nth & Endophytic N fixation [72]

Herbaspirillum &
Mycorrhizae + . . . . Improved nutrient Mycorrhizal symbiosis +
endophyte H. seropedicae Rice Field Various Reduced N/P management endophytic N fixation [73]
Mixed inoculant Burkhold.er.‘la, Sorghum Field, increasing N Various Variable Enhanced growth Associative N fixation [74]

Herbaspirillum levels
Endophytic . . . . . Endophytic N fixation +
Azotobacter Azotobacter sp. Avi2 Rice Greenhouse/field Various Reduced N Increased yield growth promotion [751]
Azotobacter-enriched Azotobacter spp. Various Field Various Reduced N Increased N.flgatlon BNF + organic matter [76]
manures and productivity mineralization
A. chroococcum fﬁ:;g?ggéz:n Cotton Field Various Reduced N Effective N reduction =~ BNF + growth promotion [771

. . Improved . .

Dlgzotrophs + Diazotrophic bacteria Melon Field Various Alternat'lve to characteristics and BNF + chitosan-mediated [78]
chitosan conventional uptake defence
N-enriched . . . . Replacement of . . BNF + rock P/K
biofertilizer B. indica Sugarcane  Field, Ultisol Various soluble Effective alternative solubilisation [79]
G. diazotrophicus G. diazotrophicus Rice Field Various Reduced N ;fg‘)/\r’,?}r ed yield and Endophytic N fixation [80]
Azospirillum spp. Azospirillum sp. Potato Field Various Improved NUE Acts as liming source I%II\IJ};+ phytohormones + [81]
A. brasilense A. brasilense Maize géﬂgt’yr;::nple Various Improved NUE ;181? otes growth and BNF + growth promotion [82]

BNF :biological nitrogen fixation; N :nitrogen; NUE :nitrogen use efficiency; PK :phosphorus and potassium
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5.COMMERCIALISATION CHALLE-
NGES AND REGULATORY FRAME-
WORKS

Despite demonstrated benefits, widespread
comer-cialization and adoption of nitrogen-fixing
bacterial biofertilizers face significant challenges. The
global biofertilizer market is projected to reach $5.02
billion by 2030, with cereals and grains accounting
for 41.6% of the market share in 2024. However,
except for a few successful cases, commercialization
of PGPR-based inoculants remains limited, primarily

due to inconsistent field efficacy [83].
5.1 Formulation and production challenges

The lack of effective formulation technologies that
maintain microbial inoculant viability during storage,
transport, and field application is a key driver of
Nevertheless inconsistent biofertilizer efficacy. Tech-
nology readiness levels for PGPR-based biofertilizers
remain low (phases 1—4; laboratory environment).
High manufacturing costs, poor quality control,
ineffective formulation, short shelf life, and limited
awareness further impede wider adoption and com-
mercial success [83].

5.2 Regulatory Frameworks

The term 'biofertilizer" lacks a universally
accepted definition. The European Union, Brazil,
India, and China have made regulatory progress, but
the US market (projected to exceed $1 billion by
2029) lacks clear production and sale guidelines.
Regulators are tightening quality controls and
formalising consistent data requirements [6]. India's
Ministry of Agriculture and Farmers Welfare notified
the Fertilizer (Inorganic, Organic or Mixed) (Control)
Fourth Amendment Order, codifying standards for
biostimulants, microbial formulations, and bio-
chemical fertilizers, clarifying categories, ingredient
specifications, and documentation requirements. The
East African Standard DEAS 1176:2023 on Bio-
fertilizers - Specifications has been adopted by
Uganda [38].

5.3 Paths Forward

Enhancing global biofertilizer adoption requires
new innovations based on transdisciplinary appro-
aches. A robust quality control system at all stages is
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essential. Active partnership between academic and
industry stakeholders will pave the way for enhanced
global adoption. Future research should focus on
modes of action, specific claims, and robust reg-
ulations [83].

6. CONCLUSION

Excessive chemical fertilizer applications over
recent decades, driven by population growth and
rising food demand, has created significant
environmental concerns and human health risks.
Biofertilizer inoculation offers considerable potential
to enhance crop yields while reducing chemical
fertilizer wuse. Bio-fertilizer manufacturing is
relatively straightforward and time-efficient, with
enhanced shelf life, increased yields, and maintained
soil fertility supporting environmentally sustainable
agricultural models.

Several plant growth-promoting microbes charac-
terized for beneficial traits play significant roles in
improving nutrient availability (particularly nitro-
gen), modulating phytohormones, suppressing plant
diseases, and alleviating abiotic stresses. Inoculation
with individual beneficial microorganisms or con-
sortia enhances plant biomass and crop yield under
both greenhouse and field conditions. Recent meta-
analyses provide quantitative evidence for nitrogen-
fixing bacterial inoculation efficacy, with overall
positive effects on crop yield (Hedges' g = 1.263).
Azospirillum shows particular efficacy in wheat
(Hedges' g = 1.312) and maize; Rhizobium improves
wheat yields (Hedges' g = 0.883); Azotobacter
significantly benefits chickpea (Hedges' g = 0.835).
Co-inoculation strategies prove superior to single
inoculation, increasing common bean yields by 34%,
chickpea by 19%, and soybean by 2%. Current
application of organic biofertilizers containing
nitrogen-fixing bacteria improves plant health
parameters, crop productivity, and soil health.
Developing new biotechnological applications
requires expanding knowledge and exploiting gen-
omic potential for adaptation, competition, and sur-
vival. Introducing species to diverse plants and
environmental conditions requires systematic
evaluation. Further studies should develop gene-
tically modified nitrogen-fixing bacteria adapted to
field conditions, including competition, stress, and

microbiota interactions. Addressing formulation
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challenges, improving quality control, and estab-
lishing robust regulatory frameworks are essential for
widespread biofertilizer adoption in sustainable
agriculture.
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