
Introduction
Agriculture provides edible products, numerous natural 
resources, and other essentials, playing a vital role in the 
economic development of any nation [47]. It creates several 
decent employment opportunities and remains in high demand 
globally [8]. Therefore, the expansion of the agricultural sector 
is crucial for sustaining the global economy. However, many 
farmers still rely on conventional cultivation methods, resulting 
in low yields of food crops such as vegetables and grains. 
According to recent estimates, the global population is expected 
to rise rapidly, reaching 9.8 billion by 2050 and 11.2 billion by 
2100[36]. This anticipated exponential population growth 
necessitates urgent preparation to ensure an adequate food 
supply. One of the most pressing challenges for future 
generations will be to produce and distribute suf�icient 
quantities of nutritious and high-quality food  [4]. Technological 
advancements and innovations have signi�icantly boosted crop 
production, leading to higher yields and, in certain cases, 
enhanced crop protection ef�iciency.
Conventional agriculture plays a signi�icant role in meeting the 
food demands of the growing global population. However, it has 
also led to increased reliance on chemical fertilizers and
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	ABSTRACT	
Agriculture	 is	a	 fundamental	pillar	of	global	 economic	development,	providing	essential	 food	products	and	natural	 resources.	
However,	conventional	farming	practices,	heavily	reliant	on	chemical	fertilizers	and	pesticides,	have	led	to	signi�icant	environmental	
degradation	 and	 health	 concerns.	 In	 the	 face	 of	 a	 rapidly	 growing	 global	 population—projected	 to	 reach	 9.8	 billion	 by	
2050—ensuring	a	sustainable	and	secure	food	supply	has	become	a	critical	challenge.	Biofertilizers,	which	consist	of	bene�icial	
microorganisms	that	enhance	nutrient	availability,	promote	plant	growth,	and	improve	soil	health,	have	emerged	as	a	promising	
alternative	to	synthetic	agrochemicals.	This	review	provides	a	comprehensive	evaluation	of	the	current	literature	on	biofertilizers,	
analyzing	 their	mechanisms	of	 action,	 including	nutrient	 solubilization,	 phytohormone	 production,	 stress	mitigation,	 and	 soil	
microbiome	modulation.	Key	microbial	genera	such	as	Pseudomonas,	Bacillus,	Rhizobium,	and	Azospirillum,	along	with	fungi	and	
cyanobacteria,	are	highlighted	for	their	multifunctional	roles	in	improving	crop	productivity	and	resilience.	The	study	also	discusses	
the	economic	and	environmental	advantages	of	biofertilizer	use,	citing	signi�icant	yield	improvements	and	reductions	in	chemical	
input	requirements.	Despite	their	potential,	widespread	adoption	of	biofertilizers	remains	limited	due	to	gaps	in	farmer	awareness,	
�ield-level	validation,	and	application	protocols.	Advancements	in	microbial	biotechnology	and	genomics	offer	new	opportunities	for	
optimizing	biofertilizer	ef�icacy.	This	review	aims	to	guide	future	research	by	identifying	emerging	trends,	challenges,	and	strategies	
for	the	effective	integration	of	biofertilizers	into	sustainable	agricultural	systems.

Keywords:	 Biofertilizers,	 Sustainable	 agriculture,	 Plant	 growth	 promoting	 microorganism,	 Eco-friendly	 farming,	 Microbial	
inoculants.
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pesticides [15]. These chemical fertilizers industrially 
manufactured substances composed of known quantities of 
nitrogen,  phosphorus,  and potassium contribute to 
environmental issues, such as air and groundwater pollution, 
particularly through the eutrophication of water bodies [70]. In 
response to these concerns, recent efforts have focused on 
producing nutrient-rich, high-quality food through sustainable 
practices that ensure biosafety. This shift has driven interest 
toward biologically based organic fertilizers as alternatives to 
synthetic agrochemicals [44]. In modern agriculture, promoting 
alternative methods of soil fertilization relying on organic 
inputs can improve nutrient availability while also enhancing 
soil health and �ield management.
Biofertilizers have emerged as a promising alternative to 
chemical fertilizers, supporting the promotion of sustainable 
agriculture [37]. According to Vessey [60], biofertilizers are 
de�ined as “substances containing living microorganisms which, 
when applied to seed, plant surfaces, or soil, colonize the 
rhizosphere or the interior of the plant and promote growth by 
increasing the supply or availability of primary nutrients to the 
host plant.” These bene�icial microorganisms are commonly 
referred to as plant-growth-promoting microbes (PGPM), plant-
growth-promoting bacteria (PGPB), or plant-growth-
promoting rhizobacteria (PGPR).
The commercial use of biofertilizers began as early as 1895 with 
the development of “Nitragin,” a product containing nitrogen-
�ixing Rhizobium strains [53]. In the 1950s, the application of 
phosphorus-solubilizing bacteria further expanded the use of 
biofertilizers by enhancing the availability of phosphorus in soil
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Similar to Pseudomonas, the Bacillus genus exhibits multiple 
plant-bene�icial traits, including phosphate and potassium 
solubilization, nitrogen �ixation, and the secretion of ACC 
deaminase, phytohormones, and siderophores [9, 31 and 32]. 
Notably, Bacillus	 thuringiensis, B.	 subtilis, and B.	 megaterium 
p r o d u c e  v a r i o u s  a n t i m i c r o b i a l  a n d  i n s e c t i c i d a l 
compounds—such as crystal proteins, polypeptides, and 
enzymes that help control plant pests and diseases [23, 56 and 
62].  Furthermore, B.	 velezensis  SQR9 (previously B.	
amyloliquefaciens SQR9) has been extensively studied for its 
ability to secrete a broad range of secondary metabolites, 
including lipopeptides, polyketides, and bacillomycins 
branched-chain fatty acids with strong antibacterial properties 
[18 and 67]. In addition to bacteria, fungi, and microalgaealso 
serve as effective biofertilizers. Fungi such as Trichoderma and 
mycorrhizae contribute to plant growth and stress resilience. 
Trichoderma-enriched fertilizers have been shown to 
signi�icantly enhance plant performance (e.g., in Arabidopsis 
and cucumber) by modulating the soil microbial community 
[16]. Mycorrhizal fungi are especially effective at supplying 
plants with mineral nutrients primarily phosphorus and 
nitrogen—and also confer resistance to both biotic and abiotic 
stressors, underscoring their potential in sustainable 
agriculture [50].
Cyanobacteria, a group of nitrogen-�ixing microalgae, also 
function as biofertilizers. Under anaerobic conditions, they �ix 
atmospheric nitrogen, improve soil fertility and structure, and 
produce biologically active substances such as polysaccharides, 
antimicrobial agents, and plant growth hormones [10, 26 and 
40]. Their multifunctional roles further reinforce their utility in 
eco-friendly agricultural practices. Discussion based on the 
main mechanisms of action of biofertilizers includes (1) 
improve and supplying plant nutrients, (2) regulate plant-
growth, and (3) improve soil condition and microbiome. We 
further explain the mechanisms in detail (�ig-1)

Enhancing	nutrient	supply	to	plants	through	biofertilizers
Plants can directly absorb nutrients in soluble forms such as 
ammonium (NH₄⁺), potassium (K⁺), and phosphate (PO₄³⁻); 
however, most of the nitrogen, phosphorus, and potassium 
present in soil exist in insoluble or bound forms that are 
unavailable for plant uptake [38 and 51]. For instance, 
atmospheric nitrogen (N₂) is inaccessible to plants and must be 
converted into NH₄⁺ or NO₃⁻ by nitrogen-�ixing microorganisms 
through the activity of the enzyme nitrogenase [45].
Similarly, a large portion of soil phosphorus is locked in organic 
forms—such as phosphoinositides, phospholipids, and nucleic 
acids—or in inorganic forms like phosphate rock and insoluble 
phosphates, all of which are not readily absorbed by plants [59]. 
Phosphate-solubilizing microorganisms (PSMs), including 
species of Bacillus, Pseudomonas, and various fungi, enhance 
phosphorus availability by secreting enzymes such as phytase, 
nuclease, and phosphatase, which hydrolyze organic 
phosphorus compounds into absorbable phosphate ions [29, 42 
and 52]. In addition, these microorganisms produce organic 
acids and protons, which dissolve phosphate rocks and 
insoluble phosphates by lowering the soil pH, thereby 
increasing soluble phosphorus levels [7, 61 and 69].
Potassium is another essential macronutrient for plants, but 
most of it in soil is bound within silicate minerals such as 
potassium feldspar, muscovite, illite, and vermiculite, making it 
unavailable for direct plant uptake. Potassium-solubilizing 
micro organisms (KSMs) can release potassium from these 

[63]. Since then, a wide range of microorganisms including 
fungi, algae, and bacteria have been reported to promote plant 
growth through various mechanisms [3, 5, 12, 20, 34, and 54].
The use of biofertilizers in agriculture has been shown to 
signi�icantly increase crop yields while reducing dependence on 
chemical fertilizers. Research indicates that the combined use of 
biofertilizers and chemical fertilizers can boost crop yields by 
10%–40%, and potentially replace 25%–30% of chemical 
fertilizer inputs [39]. For instance, a study by the Brazilian 
Agricultural Research Corporation demonstrated that 
biological nitrogen �ixation using biofertilizers in soybean 
cultivation can entirely substitute for chemical nitrogen 
fertilizers, leading to annual savings of approximately USD 15 
billion [6]. Similarly, the application of rhizobia-based 
biofertilizers in Zambia and the Republic of Congo resulted in 
yield increases of approximately 48% and 500 kg/ha, 
respectively [43]. These �indings underscore the potential of 
biofertilizers to enhance agricultural productivity across 
diverse regions.
Given their economic and environmental bene�its, a 
comprehensive,  t ime-spanning l iterature review of 
biofertilizers is necessary to provide researchers with informed 
and objective insights. This study aims to perform a quantitative 
and qualitative evaluation of published literature on 
biofertilizers over recent decades, identify key growth trends, 
highlight emerging research areas, and spotlight the most 
in�luential and highly cited works—thereby guiding future 
research directions.

Microorganisms	that	can	be	used	as	biofertilizers	and	their	
functions	
Among the most frequently appearing keywords were 
“Rhizobacteria” and “Endophyte”. Although these terms do not 
specify particular genera, their high frequency highlights the 
importance of rhizosphere bacteria and endophytes as major 
research areas in the �ield of biofertilizers. This also indicates 
that the rhizosphere and plant interior are the primary 
ecological niches where biofertilizer microorganisms survive 
and function effectively.
Following these,  the keywords “Pseudomonas” and 
“Pseudomonas �luorescens” appeared with the next highest 
frequency. This suggests that Pseudomonas, particularly P.	
�luorescens, is one of the most extensively studied and widely 
applied genera in biological fertilization. Its prominence re�lects 
its well-documented role in promoting plant growth, enhancing 
nutrient uptake, and providing biocontrol against pathogens.
Pseudomonas is a widely studied and applied genus in the �ield 
of biofertilizers due to its multifunctional plant growth-
promoting abilities. It can solubilize phosphorus and potassium, 
�ix atmospheric nitrogen, and secrete compounds such as ACC 
deaminase, indole-3-acetic acid (IAA), and siderophores. 
Moreover, Pseudomonas species possess strong biocontrol 
properties, making them valuable for integrated pest and 
nutrient management in sustainable agriculture [21, 28, 35, and 
41].
Following Pseudomonas, the most frequently occurring 
keywords were Bacillus, Azospirillum, and Rhizobium. 
Rhizobium has been utilized as a biofertilizer since 1895 and is 
known for its ability to form symbiotic root nodules with 
leguminous crops, thereby �ixing nitrogen ef�iciently within 
those nodules [71]. While Azospirillum does not form symbiotic 
nodules like Rhizobium, it contributes to nitrogen �ixation in 
non-leguminous crops such as maize, rice, and wheat, albeit at a 
lower ef�iciency [46].
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This colonization involves three critical steps: chemotaxis, 
adhesion, and bio�ilm formation. Bacterial motility and 
chemotactic responses allow microbes to selectively migrate 
toward plant root surfaces, where speci�ic binding sites are 
located. Adhesive factors facilitate bacterial attachment, with 
some capable of selective recognition and binding to plant root 
cells. Subsequently, the formation of bio�ilms provides 
structural stability and persistence in the rhizosphere, ensuring 
sustained microbial activity and interaction with the plant host 
[57].
Colonization by biofertilizer microbes not only bene�its the 
plant directly but also reshapes the soil microbial community, 
even through minimal or short-term biological activity. For 
instance, the application of Bacillus	amyloliquefaciens has been 
shown to increase bacterial abundance while reducing fungal 
populations. This shift in microbial composition, including a 
decline in pathogenic species, has effectively suppressed 
banana fusarium wilt [11]. Similar microbiome reshaping 
effects have been observed in the rhizospheres of sugarcane, 
alfalfa, apricot, and other crops [4, 27 and 73].
Beyond microbial interactions, biofertilizers contribute to 
improvement in soil physical properties. For example, their 
application has been associated with enhanced soil moisture 
retention, due to increased microporosity [1]. Bacillus	
thuringiensis can alter the carbon-to-nitrogen (C:N) ratio by 
mineralizing organic matter, thereby in�luencing the diversity 
and structure of protist and microbial communities in the soil 
[73]. Additionally, B.	subtilis produces organic acids that lower 
the pH of the surrounding soil, a mechanism particularly useful 
in promoting plant growth in saline-alkali soils [1].

minerals through various mechanisms, including the secretion 
of protons, organic acids, extracellular enzymes, and 
polysaccharides. These substances help lower the pH, chelate 
mineral ions, and disrupt the crystal structures of potassium-
containing minerals, thus mobilizing potassium for plant 
absorption [33 and 68].

Regulation	of	plant	growth	by	biofertilizers
Biofertilizers regulate plant growth not only by enhancing 
nutrient availability but also through the production of plant 
hormones, siderophores, enzymes, small molecular peptides, 
lipids, polysaccharides, antioxidants, and volatile organic 
compounds (VOCs), ultimately contributing to increased crop 
yields [13, 30 and 64]. Rhizosphere microorganisms can 
in�luence plant hormonal balance by synthesizing or degrading 
phytohormones such as indole-3-acetic acid (IAA), cytokinins 
(CTK), and gibberellins (GA). These hormones regulate 
processes like cell division, elongation, and differentiation, thus 
promoting plant growth [58].
For example, Lima et al. [25] inoculated palm seedlings with 
Bacillus	amyloliquefaciens and observed substantial changes in 
phytohormone levels: IAA and abscisic acid (ABA) increased by 
66% and 44%, respectively, while ACC (1-aminocyclopropane-
1-carboxylic acid) decreased by 24%. Correspondingly, plant 
height, stem diameter, stem dry matter, and root dry matter 
increased by 39%, 19%, 110%, and 123%, respectively.
Ethylene is a key stress hormone in plants,  and its 
overproduction under stressful conditions can inhibit growth. 
Certain microorganisms produce ACC deaminase, which 
degrades ACC—the precursor to ethylene—into α-ketobutyrate 
and ammonia (NH₃), thereby reducing ethylene levels and 
alleviating stress-induced growth inhibition [65].
In addition to hormonal regulation, microorganisms such as 
Bacillus and Pseudomonas can emit VOCs (e.g., 2, 3-butanediol, 
3-hydroxy-2-butanone, esters, and hydrocarbons) that promote 
plant growth and enhance stress resistance [24 and 72]. 
Notably, Bacillus can secrete speci�ic metabolites such as 
tropine, citric acid, acetyl-L-carnitine, andlevulinic acid, which 
attract plant-bene�icial Pseudomonas	 stutzeri, facilitating 
bio�ilm formation on root surfaces and further stimulating plant 
development [55].
Moreover, Bacillus is recognized for its capacity to produce a 
wide array of antibiotics, such as bacillomycin D, with potent 
antibacterial and antifungal activity. These compounds play key 
roles in iron acquisition, bio�ilm development, and ecological 
competition in the rhizosphere [66]. Similarly, siderophore-
producing rhizobacteria enhance iron uptake in plants and 
improve their tolerance to heavy metals, aiding plant growth on 
contaminated soils [19].
Biofertilizers also play a pivotal role in inducing plant defense 
mechanisms. They can secrete polysaccharide-degrading 
enzymes—including chitinase, protease, β-glucanase, and 
cellulose which degrade pathogen cell walls and stimulate 
systemic resistance [2 and 49]. Furthermore, through the 
production of antibiotics [22], improvement of soil chemical 
properties, and modulation of the soil microbial community 
structure, biofertilizers contribute to pathogen suppression and 
enhanced plant health [48].

Alteration	of	microbiota	and	soil	structure	by	biofertilizers
The effectiveness of biofertilizers largely depends on the 
successful colonization of bene�icial microorganisms within the 
plant rhizosphere [17]. 

Fig.1. Mechanism of plant-growth promotion by biofertilizers. 
(1) Biofertilizers can improve the nutritional status of plants. 
Bacteria in the biofertilizer can convert N2 into inorganic 
nitrogen (NH4 +, NO3 −), and the organic phosphorus in the soil 
into inorganic phosphorus. The organic acids, siderophores, and 
enzymes secreted by bacteria can release PO4 +, K+, Fe2+, and 
Mg2+ from mineral elements by dissolution, chelation, and 
oxidation. (2) Biofertilizers can regulate plantgrowth. The plant 
hormones (IAA, GA, and CTK) secreted by bacteria in 
biofertilizers can promote the proliferation and growth of plant 
cells. ACC deaminase secreted by bacteria can reduce the 
content of ACC, the precursor of ethylene synthesis in plants, 
thereby reducing ethylene content. Biofertilizers can secrete 
VOC (2, 3-butanediol and 3-hydroxy-2-butanone) to promote 
plant growth and induce resistance or tolerance in plant 
systems. 
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ReferencesEnzymes, lipids, and small molecular weight substances 
secreted by bacteria can inhibit or kill harmful bacteria and 
pests, and reduce the damage of harmful bacteria and pests to 
plants. (3) Biofertilizers can improve soil environmental 
conditions. Bacteria in biofertilizers can change the soil 
structure, improve soil microporosity, and improve water 
retention. The organic acids secreted by bene�icial bacteria can 
reduce soil pH, increase N content, and inhibit harmful bacteria, 
thereby affecting the microbiota community in the 
soil.(Adapted from Guangxu Zhao et.al.,2024.)

Conclusions
Environmental stresses have emerged as a major challenge to 
agricultural productivity, which is declining at an alarming rate. 
The heavy reliance on chemical fertilizers and pesticides has 
fostered the growth of industries that generate hazardous 
compounds. These chemicals not only pose serious risks to 
human health but also disrupt ecological balance. In this 
context, biofertilizers offer a promising solution to support 
global food security, especially as agriculture faces mounting 
environmental pressures. Recognizing the multiple bene�its of 
biofertilizers and incorporating them into modern agricultural 
practices is essential. Recent advancements in molecular 
biotechnology have enabled the enhancement of biological 
pathways involved in phytohormone production. Transferring 
these traits to plant growth-promoting rhizobacteria (PGPR) 
could signi�icantly improve plant tolerance to abiotic stresses 
and promote sustainable crop productivity. However, the lack of 
awareness and inadequate dissemination of optimized 
protocols for biofertilizer application remain signi�icant 
barriers. Many bene�icial PGPR strains are yet to be widely 
recognized or utilized by ecologists and farmers due to limited 
outreach and �ield validation. Encouragingly, progress in 
microbial science, plant–microbe interactions, and genomics is 
paving the way toward developing more effective and �ield-
adaptable biofertilizer solutions. The future success of 
biofertilizer technologies will depend on the innovation of 
strategies to harness PGPR functions effectively and integrate 
them into real-world agricultural systems. The central challenge 
lies not only in identifying diverse PGPR strains and their 
bene�icial traits but also in deciphering their underlying 
mechanisms. A comprehensive understanding of these 
mechanisms is vital for optimizing their application and 
unlocking their full potential in sustainable agriculture.

Future	Scope	of	the	study
In the coming years, customized biofertilizer blends tailored to 
speci�ic crops, climates, and soil types may become standard, 
optimizing nutrient availability and crop productivity. 
Furthermore, integrating biofertilizers with precision 
agriculture tools, such as AI-based monitoring and smart 
delivery systems, can revolutionize their application and impact 
at scale. Ultimately, biofertilizers have the potential to become a 
cornerstone of climate-resilient, low-input, and regenerative 
agriculture, contributing signi�icantly to global food security 
and environmental conservation in the decades to come.
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