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Abstract   

The rapid growth of the global population and the rising demand for 

sustainable agriculture have intensified interest in eco-friendly alternatives to 

synthetic fertilizers. While synthetic fertilizers effectively boost crop yields, they 

seriously threaten soil health, human well-being and environmental stability. 

Researchers are increasingly exploring microbial solutions such as biofertilizers 

and biocontrol agents. Among these, endophytes-microorganisms that live 

within plant tissues without causing harm-show considerable promise. Recent 

studies underscore the critical role of endophytes, both rhizobial and non-

rhizobial, in improving nutrient use efficiency, promoting plant growth and 

enhancing resistance to pests, diseases and environmental stresses. However, 

despite these advancements, significant knowledge gaps remain concerning 

the mechanisms through which endophytes facilitate macro- and micronutrient 

acquisition. This review seeks to clarify these mechanisms and highlights the 

need for more extensive research to fully understand the functional dynamics of 

endophytes in nutrient acquisition and their potential to support sustainable 

agricultural practices. 
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Introduction   

The global community faces numerous challenges that hinder sustainable and 

eco-friendly agricultural productivity. These restrictions encompass diminishing 

soil fertility and a range of biotic (pests and diseases) and abiotic (temperature 

extremes, drought, salt, UV radiation, and elevated light intensities) stresses  (1). 

Such limitations stem from factors like the over-exploitation of agricultural 

land, urbanization, overuse of synthetic agrochemicals, land degradation, the 

challenges posed by destructive plant pathogens and pests and adverse abiotic 

conditions. Addressing these issues is essential to enhancing crop yield and 

productivity in a sustainable and effective manner (2). 

 The rapidly growing global population is a major factor exacerbating 

constraints on eco-friendly and sustainable agricultural productivity. With the 

human population projected to surpass 9 billion by 2050 (3), this increase 

places significant pressure on the agricultural sector to produce more food to 

meet rising demand. Addressing this challenge requires the implementation of 

sustainable agricultural practices that boost crop yield and productivity and 

ensure efficient resource management. This involves adopting technologies 
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and techniques that enhance soil fertility and reduce reliance 

on synthetic agrochemicals. Furthermore, investing in 

research and development, promoting education and 

awareness and encouraging international collaborations can 

help drive innovative solutions to feed the expanding 

population while minimizing the environmental impact(4). 

 Modern agricultural practices have increasingly relied 
on the intensive use of pesticides and synthetic fertilizers to 

overcome these limitations and enhance agricultural 

productivity. These agrochemicals are applied extensively to 

provide essential nutrients to crops and protect them from 

diseases and pests. However, excessive use of agrochemicals 

can negatively affect the environment, human health, and the 

long-term fertility of soil (5). To improve crop output while 

addressing limitations in agricultural productivity and 

environmental health, it is essential to focus on maximizing 

productivity in a sustainable way that preserves ecological 

balance (6). 

 To address these challenges, scientists are exploring 

microbial-based alternatives to synthetic fertilizers. The 

application of microbial inoculants provides a cost-efficient, 

environmentally sustainable method for agricultural 

intensification, improving both productivity and ecological 

well-being. Microbial inoculants contain beneficial 

microorganisms that improve the availability and utilization 

of essential soil nutrients. When introduced into the soil, 

these inoculants can form symbiotic relationships with 

plants, promoting nutrient uptake and enhancing overall 

plant health (7). Additionally, microbial inoculants can help 

mitigate both abiotic stresses (such as drought, cold, heat, 

toxin, and salinity) and biotic stresses (including fungi, 

bacteria, nematodes and insects) in crops (8). They enable 

plants to tolerate adverse environmental conditions, 

including salinity, drought, and extreme temperatures. 

 Microbial inoculants, such as Agrobacterium 

tumefaciens, Pythium oligandrum, Beauvaria bassiana, 

Metarrhizium anisopliae and Verticillium chlamydosporium, 

can also serve as biocontrol agents (9), suppressing harmful 

pathogens and pests and reducing the need for synthetic 

agrochemicals. By incorporating these microbial inoculants, 

farmers can decrease their reliance on synthetic fertilizers 

and pesticides, fostering a more sustainable and 

environmentally friendly agricultural system (10). 

 Endophytes are present in nearly all plant species, 

making their existence a common and natural phenomenon 

in the plant kingdom (11). Residing within plant tissues, these 

microbes are less exposed to the competitive environment of 

the rhizosphere, where numerous organisms vie for resources 

(12). This reduced competition from other rhizospheric 

microbes enables endophytes to thrive and benefit the plant 

more effectively (13), providing a sustainable and eco-friendly 

approach to enhancing crop productivity.  

 Several examples highlight the tangible benefits of 
microbial endophytes. In Brazil, soybean crops have shown 

significant improvement when co-inoculated with 

Bradyrhizobium and other microbial strains, particularly 

enhancing nodulation and performance under drought 

conditions (14). Similarly, in Pakistan, sweet potato yields 

have increased by 1-2% with microbial inoculants used to 

combat disease-causing agents (15). In Africa, the 

productivity of lettuce has benefited from the co-inoculation 

of the diazotrophic bacterium Azotobacter chroococcum and 

the arbuscular mycorrhizal fungus Glomus fasciculatum, 

which boost phytochemical constituents such as total 

phenolics, anthocyanins and carotenoids, thereby enhancing 

the crop's nutraceutical value (16). By promoting nutrient 

accessibility and the decomposition of organic matter, 

endophytes stimulate natural soil microbiota, improving soil 

microbial health when used as biofertilizers (17). 

Endophytes 

The study of endophytes and their relationships with crops 

has a long history. A wide range of bacterial and fungal 

endophytes has been identified through the analysis of plant 

samples (18). These endophytes encompass a diverse group 

of microorganisms, including bacteria and fungi, that reside 

within plant tissues without causing any apparent harm. This 

unique association enables endophytes to coexist with their 

host plants, often benefiting both parties (19). Perotti made 

the first documented observation of non pathogenic 

organisms in root tissues (20). These endophytes are believed 

to originate from the external environment, entering the 

plant through various pathways such as stomata, lateral root 

emergence, germinating radicles, wounds and lenticels (21). 

 The focus on non-pathogenic microbes within plants, 

rather than pathogenic ones, was pioneered by  Bary (22), 

who identified microbial cells within plant tissues. His work 

ultimately led to the initial definition of endophytes as “any 

organism that grows within plant tissues”. This definition has 

since evolved, Petrini (23) later offering a more widely 

accepted description: “any organism that at some part of its 

life cycle colonizes the internal plant tissues without causing 

any harm to the host plant.” This redefinition emphasized the 

mutualistic nature of many endophytic relationships, setting 

them apart from pathogenic microbes. Over recent years, the 

discovery of endophytes in different plant species has 

accelerated, with numerous studies dedicated to uncovering 

these associations (24). 

 Most scientists categorize plant-associated microbes 

as epiphytes (organisms that live on or near plant tissues) or 

endophytes (organisms that inhabit plant tissues) (25). 

Expanding our understanding of endophytes, their roles and 

their significance can lead to the discovery of novel bioactive 

compounds with applications in medicine, agriculture and 

environmental management (26).  

 Endophytes have been isolated from various plants 

and can form complex interactions with their hosts. Some 

endophytes maintain a mutualistic relationship with their 

host plants, providing benefits such as improved nutrient 

uptake (Fig. 1) and increased resistance to pathogens and 

environmental stress. Others may exhibit antagonistic 

properties. For example, soybean performance is enhanced 

when co-inoculated with endophytic Bradyrhizobium, 

improving nodulation under drought conditions (27). 

Likewise, mycorrhizal fungi form beneficial associations with 

many plants, enhancing nutrient uptake and stress resilience. 

Conversely, certain endophytes, like Penicillium species in 

bananas, display antagonistic properties by reducing 

nematode populations, thereby protecting the plant (28). 
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These examples illustrate how endophytes promote plant 

growth or protect against pathogens, which is critical in 

sustainable agriculture. 

 The diverse interactions between endophytes and 

their hosts represent a fascinating area of research. Scientists 

are investigating the mechanisms by which endophytes 

establish and maintain relationships with plants and the 

specific benefits they offer. Understanding these interactions 

holds significant potential for agriculture, as leveraging the 

beneficial properties of endophytes can enhance crop health 

and productivity. 

 In a study by Fisher et al.  (29), endophytic bacterial 

and fungal colonies were isolated from a maize field in Devon. 

Researchers found that most bacterial colonies occupied the 

lower portions of the maize plant, closer to the soil. In 

contrast, most fungal colonies were located in the stem’s core 

and epidermis rather than the leaves, displaying tissue 

specificity. They also observed an inverse relationship, where 

tissues with fewer fungal colonies had higher bacterial counts 

and vice versa. 

Rhizobial endophytes 

Rhizobial endophytes predominantly inhabit the nodules of 

legume crops and are well-known for their role in nitrogen (N) 

fixation. Rhizobium has attracted considerable attention from 

researchers due to its unique ability to form a beneficial 

symbiotic relationship with legume plants. Through the 

formation of root nodules, Rhizobium converts atmospheric N  

into a form that plants can utilize, thereby improving 

productivity in nitrogen-deficient soils (30). This process not 

only provides essential N to the plants but also offers rhizobia 

a suitable habitat within the root or stem nodules (31). 

 Rhizobial endophytic bacteria primarily belong to the 

class α-proteobacteria (32). This group includes diverse 

genera such as Azorhizobium, Bradyrhizobium, Rhizobium and 

Mesorhizobium all of which exhibit the capacity to form this 

symbiotic relationship (31). Other rhizobial bacteria within the 

Alphaproteobacterial group have been identified in genera 

such as Ochrobactrum (33), Methylobacterium (34), Microvirga 

(35), Phyllobacterium (36) and Devosia (37). Additionally, Beta-

Rhizobium species within the Betaproteobacterial group, 

including Cupriavidus and Burkholderia, have been recognized 

over the past decade (38). 

 Scientists have identified two niches for rhizobial 

endophytes: soil, where they function as heterotroph and 

legume nodules, where they act assymbiont (39). Initially, 

endophytic rhizobia were believed to survive saprophytically in 

soils lacking legumes. However, later studies revaled that the 

life cycle of rhizobial endophytes can also include colonizing 

non-legume crops (40). In a notable study, Lupwayi and 

Clayton (40) investigated rhizobial endophytes in the roots of 

barley, wheat and canola, examining their effects on field pea-

based crop rotations. They discovered that these microbes can 

improve the nutrition of non-legume crops. 

 Recent research has demonstrated that Rhizobium can 

establish endophytic relationships with certain cereal crops, 

including wheat, maize and rice (41). This endophytic 

colonization can positively impact plant growth and increase 

grain yield at harvest. Interestingly, these benefits seem to 

occur independently of the root nodulation and biological 

nitrogen fixation (BNF) traditionally associated with Rhizobium. 

Instead, Rhizobium appears to enhance plant growth through 

additional mechanisms. These include synthesizing growth-

promoting compounds like indole acetic acid (IAA) and 

gibberellins (GA3) and producing enzymes such as phytase and 

protease, which facilitate nutrient acquisition. Furthermore, 

Rhizobium enhances nutrient uptake efficiency by solubilizing 

phosphorus (P) and producing siderophores that chelate iron 

(Fe), making it more available to plants. Studies have shown 

that inoculating crops like common beans with Rhizobium 

significantly boosts nutrient content and yields, underscoring 

the bacteria's multifaceted role in promoting plant growth (42). 

This discovery has sparked considerable interest within the 

agricultural community, opening new avenues for reducing 

dependence on chemical fertilizers and advancing sustainable 

farming practices. By leveraging Rhizobium as an endophyte, 

there is potential to enhance crop productivity while reducing 

environmental impacts (43).  

Non-rhizobial endophytes 

Microbes residing inside root nodules, other than Rhizobium 

species, are known as Non-Rhizobial Endophytes (NREs) (44). 

Endophytes that do not exhibit nodulation are classified as 

NREs (45). Initially, it was believed that rhizobial endophytes 

were solely responsible for nodule formation and 

development. However, recent studies have shown that in 

addition to rhizobial endophytes, some microbes residing 

within plants-specifically non-rhizobial endophytes-also 

contribute to nodule development. These microbes are known 

as nodule-associated bacteria (45). While legume crop nodules 

were traditionally thought to harbor rhizospheric microbial 

communities, recent research has revealed that other 

microbes, particularly NREs, are also present. 

 Non-rhizobial endophytes commonly belong to the α-, 

β- and δ-Proteobacteria groups (32). Numerous studies have 

found that Bacillus is the most dominant genus of non-rhizobial 

bacteria, followed by Pseudomonas (45). Additional research 

has identified various genera of NREs, including Bacillus, 

Pantoea, Pseudomonas, Stenotrophomonas, Micromonospora, 

Paenibacillus, Mycobacterium, Serratia, Arthrobacter, Klebsiella, 

Bosea, Enterobacter, Acinetobacter, Agrobacterium and 

Phyllobacterium (46-52). 

Fig. 1: Plant - Endophytes- Nutrients interactions in soil 
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 The antifungal activity of both non-rhizobial 

endophytes and rhizobial colonies was studied by (53). Non-

rhizobial endophytes enter plants through infection threads 

formed by rhizobial endophytes and subsequently colonize the 

nodules (54). While NREs cannot form nodules independently, 

they induce nodule formation and development in legumes 

when inoculated with specific rhizobial bacteria (55). NREs are 

considered active colonizers and when inoculated with 

rhizobial endophytes, promote plant growth, root exudation 

patterns and soil nutrient status. Additionally, they can 

modulate the rhizospheric microbiota in lentils (56). 

Nutrient sequestration by endophytes 

One of the most challenging processes for terrestrial plants is 

converting insoluble nutrients into soluble, bioavailable forms, 

a task facilitated by mobile microbes. These microbes are 

capable of transforming or solubilizing various unavailable 

nutrients, making them accessible to plants (57, 58). 

 Inoculating plants with endophytic bacteria or fungi can 

improve nutrient uptake, such as N and P, through increased 

root surface area and enhanced root symbiosis with soil 

microbes. This symbiotic relationship enables plants to access 

and absorb essential nutrients more efficiently, ultimately 

promoting growth and overall health(59). 

 The ‘rhizophagy cycle’ is a process in which microbes 

acquire nutrients from the soil and transfer them to plants. 

During this cycle, microbes alternate between an intracellular 

endophytic phase within the roots and a free-living soil phase. 

In the free-living phase, microbes collect nutrients from the soil 

and transfer them to the plants, while in the endophytic phase, 

they inhabit the plant tissues (58). 

 Research over the past two decades has demonstrated 

the solubility and availability of nutrients such as N, P, K and Fe 

(58, 60). Saddique, Ali (60) suggested that while significant 

research has focused on endophyte-mediated nutrient 

acquisition from root or seed endophytes, studies on the role of 

foliar endophytes-mediated nutrient acquisition from root or 

seed endophytes, studies on the role of foliar endophytes in 

nutrient acquisition are relatively limited. In a study on 

Theobroma cacao, foliar endophytes like Colletotrichum 

tropicale significantly enhanced N uptake and total plant 

biomass, especially when co-inoculated with the pathogen 

Phytophthora palmivora (61). Similarly, research on Northern 

oat grass revealed that foliar endophytes influenced plant 

responses, such as enhanced plant biomass from N fertilization 

and increased plant leaf area index from P fertilization, 

highlighting their critical role in nutrient acquisition and overall 

plant performance (62). Further research in this area could 

provide valuable insights into the potential benefits of foliar 

endophytes in enhancing nutrient uptake in plants. 

 Endophytic bacteria can improve plant growth by fixing 

atmospheric N into a form that plants can readily absorb, thus 

increasing N availability in the soil. This enhanced N availability 

helps plants thrive and develop more robust root systems, 

improving overall growth. In addition to N fixation, NRE 

bacteria can produce siderophores, molecules that facilitate 

the uptake of essential nutrients, particularly Fe. By enhancing 

Fe uptake, these bacteria support plant growth and 

development (45). 

 Mycorrhizal endophytes benefit host plants by 

improving the acquisition of soil nutrients such as P, 

potassium (K) and other inorganic elements. Other 

endophytes living in the roots and other plant parts are 

nitrogen-fixing entities, which help plants like sugarcane in 

Brazil to be cultivated for many more years without the need 

for additional nitrogenous fertilizers (63). 

Mechanisms involved in nutrients acquisition 

 Fungal endophytic genera such as Balansiopsis, 

Balansia, Echinodothis and Atkinsonella can enhance the 

uptake of both macro and micronutrients from soil and 

organic matter. By forming symbiotic relationships with 

plants, these fungi help increase the availability of essential 

nutrients such as P, N, K, magnesium (Mg), Zn, Fe and copper

(Cu) to their plant hosts. This mutualistic interaction benefits 

both the fungi and the plants by promoting nutrient uptake 

and improving overall plant health (64). 

 Bacteria in the endophyte category, including Bacillus, 

Pseudomonas, Micrococcus and Methylobacterium, can 

promote nutrient acquisition and plant growth through 

mechanisms such as N fixation, P , K solubilization and 

siderophore production (Fe chelation) (65). 

 The rhizophagy cycle is one of the common 

mechanisms by which soil microbes solubilize or acquire 

nutrients and transfer them back to the plant’s root 

intracellular periplasmic spaces. In this process, plants extract 

nutrients from microbes in the periplasmic space by 

producing reactive oxygen species (ROS), primarily NADPH 

superoxides. These ROS break down microbial cell walls, 

triggering the release of nutrients into the plants, enabling 

them to acquire more nutrients from the soil. Additionally, 

these ROS signal defense responses while protecting plant 

cells from damage. As microbes lose nutrients, they exit the 

root cell and typically return to the rhizosphere, where they 

may re-enter the cycle. This phase underscores a unique plant-

microbe interaction for nutrient acquisition (57). 

 Various mechanisms are involved in the transformation 

of nutrients from the soil to plants by endophytic microbes 

(Fig. 2). These include N transformation through N fixation, 

conversion of insoluble P into soluble P via P solubilization, 

transformation of fixed K into soluble K via K solubilization and 

the conversion of unavailable micronutrients into available 

forms through siderophore production. Additionally, the 

rhizophagy cycle plays a significant role in nutrient 

transformation, as outlined by White, Kingsley (57).  

Primary nutrients 

Nitrogen is a vital element for plant growth and development, 

playing critical roles in various essential functions such as 

protein synthesis, nucleic acid formation, chlorophyll 

production, enzyme activity, metabolic pathways, cellular 

structure formation and secondary metabolite production 

(66). Nitrogen gas  makes up about 78% of the Earth's 

atmosphere, but most plants cannot directly utilize 

atmospheric N. The conversion of atmospheric N into 

ammonia (NH₃) or other nitrogenous compounds that plants 

can absorb is known as N fixation. This process is critical for 

making N available in a form that plants can assimilate. N 

fixation occurs through two main methods: physiological 
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fixation, which accounts for about 10% of natural N fixation, 

and biological fixation by microbes, which contributes 

around 90% (67).  

 Peoples and Craswell (68) reported the expected 

amount of N fixation by rhizobial endophytes in crops such as 

groundnut, soybean, pigeonpea, cowpea, green gram and 

black gram (Fig. 3). According to their findings, the yield of 

rice, maize, wheat and sorghum increased by 11 to 353% due 

to the symbiotic relationship between endophytic Rhizobium 

and cereal crops. Additionally, N fixation is carried out by 

various endophytes in specific crops (Table 1). 

 

PHOSPHORUS SOLUBILIZATION MECHANISM NITROGEN FIXATION MECHANISM 

A B 

POTASSIUM SOLUBILIZATION MECHANISM 

C 

SIDEROPHORE PRODUCTION MECHANISM 

D 

RHIZOPHAGY CYCLE MECHANISM 

E 

Fig. 2. Mechanisms involved in the transformation of nutrients from soil to plants by endophytes 

Fig. 3. Quantum of nitrogen fixation by endophytes in various crops 
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 Phosphorus is an essential nutrient for crops, playing a 

vital role in various physiological processes such as nucleic 

acid synthesis, energy transfer and root and flower 

development. However, its availability to plants is limited due 

to its tendency to form insoluble compounds in the soil. In the 

soil, P typically exists as phosphate ions (PO₄³-), which often 

bind to minerals or organic matter, making it less accessible to 

plants. This insolubility is particularly pronounced in alkaline 

and acidic soils, where the availability of phosphate ions to 

plants is further reduced. The solubilization of inorganic 

phosphate by certain plant-associated microorganisms, such 

as fungi (Penicillium sp. and Aspergillus sp. in Taxus wallichiana 

(69)) and bacteria (Aneurinibacillus sp. and Lysinibacillus sp. in 

banana (70)), is crucial for enhancing P availability to plants 

(71). Various endophytes that carry out P solubilization in 

different crops is illustrated in Table 2.  

 Baghel et al. (72) evaluated the efficacy of bacterial 

endophytes, isolated from maize roots, in promoting plant 

development and facilitating nutrient uptake. They found 

that 10 of 24 isolates could solubilize P from tricalcium 

phosphate. They also discovered that the isolate FDN2-1, 

phylogenetically related to Burkholderia sp, was able to 

solubilize various sources of phosphate, as shown in Fig. 4. 

 Potassium is an essential nutrient for plant growth, 
critical in various physiological and biochemical processes. 

While the total amount of K in the soil may be substantial, only 

a small fraction is readily available to plants in a form they can 

absorb. This is where K-solubilizing endophytic bacteria come 

into play (73). In maize, Bacillus sp., Pseudomonas sp., and 

Burkholderia sp. have been identified as potent K-solubilizing 

endophytes (74). Similarly, in Moso bamboo, Enterobacter spp., 

Alcaligenes spp., and Bacillus spp. have demonstrated potential 

for K solubilization (75). 

 Potassium-solubilizing bacteria are endophytic 

microorganisms capable of solubilizing less available forms of 

K in the soil. These bacteria convert insoluble K compounds 

into soluble forms that plants can easily absorb and utilize for 

growth and development. This process entails the secretion 

of organic acids or other compounds by bacteria, facilitating 

the decomposition of K-containing complex minerals into a 

form accessible to plant roots . In agricultural practice, using 

K-solubilizing bacteria is a strategy to enhance K availability 

to plants. By incorporating these bacteria into biological 

fertilizers or using them as soil inoculants, farmers can 

improve soil fertility, leading to better nutrient uptake by 

plants (76). Different endophytes are involved in K 

solubilization in specific crops, as shown in Table 3. 

Secondary nutrients 

Nutrient availability plays a crucial role in determining crop 
yield and quality. While the fertilization of secondary nutrients 

can have limitations, soil microbes provide a sustainable and 

environmentally friendly solution to enhance plant secondary 

Table 1. Nitrogen fixation by various endophytes in specific crops 

Crop Endophytes Beneficial Effects Reference 

Rice Burkholderia vietnamiensis AR 1122, Azospirillum amazonense AR3122 10 to 29% increased grain yield (92) 

Rice 

Klebsiella pneumoniae  KW7-S06, KW7-S22,KW7-S27, KW7-S33;   

Bacillus aryabhattai HSS05;  

Paenibacillus kribbensis HS-R01, HS-R14;Bacillus subtilis CB-R05; 

Bacillus megaterium KW7-R08;Microbacterium trichotecenolyticum  SW521-
L21, SW521-L37; Microbacterium binotii CB-S18;  

Increased plant growth, plant height, 
and dry weight. Antagonistic effects 

against fungal pathogens. 
(93) 

Rice Sphingomonas spp., Klebsiella spp., Burkholderia spp., Novosphingobium 
spp. 

Increased nitrogenase activity ranged 
from 86.39 to 888.37 nmol ethylene            

h-1 g-1 (dry weight) 
(94) 

Fig. 4. Phosphate solubility by endophytic isolate FDN2-1 in maize crop 

Crop Endophytes Beneficial Effects Reference 

Maize Burkholderia FDN2-1 
Increased indole acetic acid in the range of   

17.47  to18.75µg/ml and available P in the 
range of 26.05 to 39.15 kg/ha 

(72) 

Soyabean, Maize, Peanut 
Enterobacter sp. J49 or                                      

Serratia sp. S119 
Significant increase in P in the tissues. 

Significant increase in growth. (95) 

Chickpea 
Mesorhizobium ciceri, Mesorhizobium 

mediterraneum 
Increased nodulating capacity.              

Increased P solubilization. (96) 

Poplar 
Rahnella sp. 

Burkholderia sp. 

Increased P solubilization to the extent of 1810 
μg/kg. Increased wet root volume and root 

surface area 
(71) 

Pseudowintera colorata (horopito) 
Streptomyces sp. UKCW/B Streptomyces 

sp. mhcr0816,  Nocardia sp.,               
Streptomyces sp. GMKU 3100 

Mean shoot height of seedlings was (1.65×) 
longer.                                                                            

Higher shoot dry weight (1.6×) and number of 
internodes (1.67×). 

(97) 

Table 2. Phosphorus solubilization by various endophytes in specific crops 
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nutrient acquisition. These beneficial microbes can improve 

the efficiency of secondary nutrient uptake, helping to meet 

the nutritional needs of plants without the harmful effects 

associated with conventional fertilizers. Utilizing soil bacteria 

can enhance plant growth in a more sustainable way while 

reducing environmental harm (77).  

 Soil microbes, such as mycorrhizal fungi, plant growth-
promoting rhizobacteria (PGPRs) like Bacillus spp., 

Pseudomonas spp., and Burkholderia spp., as well as N-fixing 

bacteria like Rhizobium, are effective in enhancing secondary 

nutrient uptake. These microbes improve nutrient availability 

and efficiency by forming symbiotic relationships with plant 

roots, solubilizing nutrients and enhancing soil health. This 

offers a sustainable alternative to conventional fertilizers, 

promoting healthier plant growth without causing 

environmental harm (78). Secondary nutrients, such as calcium 

(Ca), Mg and sulfur (S), are sequestered by various endophytes 

in specific crops, as shown in Table 4.  

Micronutrients 

Nutrients may be sequestered in the rhizospheric soil due to 

the efficient activity of endophytic microbes. In addition to 

major nutrients, these microbes can also sequester certain 

micronutrients [including Fe, manganese (Mn), boron (B) and 

Zn] in the rhizospheric region using siderophores, which are 

biogenic ligands with a high affinity for metallic compounds 

(79). 

 While bacteria can serve as beneficial carriers of 

micronutrients for plant growth, it is important to note that 

the process of rhizophagy, in which plants extract nutrients 

from bacteria, is not solely oxidative. Rhizophagy involves a 

complex interaction between plants and bacteria, in which 

nutrients are released through various mechanisms, such as 

the oxidation of microbes, direct consumption of nutrients, 

and electrolyte leakage from bacteria. This symbiotic 

relationship plays a crucial role in nutrient cycling and plant 

health(57). 

 Various micronutrients have been acquired by 

different endophytes in specific plant species, as discussed by 

numerous researchers, and are listed in Table 5. 

Complementary effects 

In addition to nutrient acquisition and sequestration by 
endophytic microbes in plants, these microbes contribute to 

complementary effects such as biocontrol activity, 

phytohormone production and secondary metabolite 

production. These effects indirectly promote plant growth 

and enhance nutrient acquisition (65). 

 Pictorial representations of these complementary 

effects, including biocontrol activity, secondary metabolite 

production, and phytohormone production, are illustrated in 

Fig. 5a, 5b and 5c, respectively. 

 

Crop Endophytes Beneficial effects References 

Rice Enterobacter cloaceae E, cloaceae strain SBP-8 
Increased potassium solubilization with 17.9 mm 

potassium solubility index (76) 

Soyabean 
Brevibacillus sp. SAF9,                                        

Brevibacillus sp. SAF11,                                           
Bacillus velezensis SAC36 

Increased Ca, Mg, P, K content                                                 
High organic carbon and base saturation content (98) 

Cucumber 
Penicillium sp. LWL3,                                                  

Phoma glomerata LWL2 
Increased plant biomass                                                           

Higher assimilation of K, Ca and Mg (99) 

Table 3. Potassium solubilization by various endophytes in specific crops 

Crop Nutrient Endophytes Beneficial effects Reference 

Soyabean Mg 

Codinaeopsis sp. 328EF,                            
E. keratinophyylum SC4,                 

Bacillus cereus SC5,                  
Pseudomonas sheari SC15,    

Paenibacillus alvei PA12 

Increased biomass accumulation, dry matter and 
nutrient content in plants (100) 

Soyabean Ca and Mg 
Brevibacillus sp. SAF9,            

Brevibacillus sp. SAF11,                   
Bacillus velezensis SAC36 

Increased Ca, Mg, P, K content; high organic carbon 
and base saturation content  (98) 

Groundnut Sulfur 
Thiobacillus thiooxidans 

NCIM2426, coinoculated with 
Rhizobium sp. TNAU 14 

Increased nodule number, nodule dry weight and plant 
biomass 136.9 plant-1, 740.0 mg plant-1 and 15.0 g plant-

1 respectively; enhanced pod yield by 18% and 
increased soil available S from 7.4 to 8.43 kg ha-1. 

(101) 

Groundnut Ca 
Funneliformis mosseae            

(Arbuscular mycorrhiza) 
Increased root and shoot biomass content ; increase in 

Ca content in Ca deficient condition (102) 

A. thaliana Mg Piriformospora indica 
Increase in the total intracellular Mg content by two 

folds by the endophyte (103) 

Table 4. Secondary nutrients acquisition by various endophytes in specific crops 
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Biocontrol activity 

Endophytes are essential in protecting host plants 

throughout their life cycle, functioning effectively as 

biocontrol agents that defend against pathogens and other 

harmful organisms. This protection is achieved through 

mechanisms such as antibiosis, parasitism and competition 

(80). For example, endophytes can produce antimicrobial 

compounds that inhibit pathogen growth through antibiosis. 

Specifically, Bacillus spp. can suppress the fungal pathogen 

Fusarium spp., while Pseudomonas spp. are effective against 

Rhizoctonia spp., which causes root rot in various crops. 

Additionally, Burkholderia spp. help control Phytophthora 

spp., responsible for blights and rots (81). 

 Endophytes also engage in parasitism by directly 

attacking and feeding on pathogens, which limits the spread 

and growth of these harmful organisms within the plant. 

Competition mechanisms are another line of defense, where 

endophytes compete with pathogens for essential resources 

such as nutrients and space. This competitive exclusion 

creates an unfavorable environment for pathogens, further 

protecting the host plant. Collectively, these biocontrol 

mechanisms help suppress the population of harmful 

organisms, reduce disease incidence and promote the overall 

health and growth of the plant (82). 

 Excessive use of agrochemicals has led to the 

emergence of resistant phytopathogens, posing environmental 

and economic risks. The rise of resistant fungal pathogens is 

particularly concerning, as it undermines the effectiveness of 

conventional fungicides. Endophytes offer a promising, 

sustainable alternative for managing plant diseases and 

reducing reliance on chemical agents (80). 

Crop Nutrient Endophytes Beneficial Effects Reference 

Barley,            
Arabidopsis thaliana Zn, Mn, Cu, B Piriformospora indica 

Improves crop productivity and enhanced crop 
tolerance against biotic and abiotic stresses (104) 

Soyabean Cu 

B. cereus SC5,                                      
P. sheari SC15                             
P. alvei PA12,                                    

B. thuringiensis SC10 

Increased biomass accumulation, dry matter 
and nutrient contents in plants (100) 

Soyabean Zn B. cereus SC5,                                   
P. sheari SC15 

Increased plant dry matter production and 
biomass content 

(100) 

Soyabean B 
 Paenibacillus alvei PA12, 
Codinaeopsis sp. 328EF, 

Hymenaea insecticol 33EF 

Increased micronutrient contents along with 
growth promoting attributes (100) 

Green gram Fe Pseudomonas strain GRP3 
Reduction in chlorotic symptoms and 

increased chlorophyll content (105) 

Moss, ferns, 
angiosperms, 
gymnosperms 

Zn, Mn, Cu, B Glomus sp. 
Increased in crop productivity and Zn, Cu, B, 

Mn uptake in the plants (106) 

Table 5. Micronutrients acquisition by various endophytes in specific crops 
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Fig. 5: Complementary effects of endophytic microbes in plants 
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 Moreover, endophytes can produce bioactive 

secondary metabolites with pharmacological properties, 

enhancing their biocontrol potential (80). This approach 

presents a viable alternative to chemical fungicides and has 

potential applications in commercial agriculture (83). 

 In recent decades, various studies have documented 

the biocontrol activities of endophytic microbes across 

multiple crops, as detailed in Table 6. 

Production of secondary metabolites 

Endophytes, including fungi and bacteria, have been identified 

as promising sources of high-value plant secondary metabolites 

(84). These metabolites, such as peptides, are produced by 

endophytes as part of their symbiotic relationships with host 

plants (85). However, industrial exploitation of endophytic 

microbes for metabolite production remains in its infancy, 

facing challenges like genomic instability and the need for 

advanced characterization methods (86).  

 Despite these challenges, the potential of endophytes 

as "tiny workrooms" for crop secondary metabolite 

production is compelling and warrants further research. The 

term "tiny workrooms" refers to endophytes' capability to 

synthesize secondary metabolites within plant tissues 

without harming the host. These endophytes produce 

bioactive compounds like alkaloids, phenolic acids, quinones, 

steroids, saponins, tannins and terpenoids, which possess 

antimicrobial, anti-insect and anticancer properties. By acting 

as miniature biochemical factories, endophytes enhance 

plant resilience against pathogens and environmental stress 

through these valuable secondary metabolites (87). 

Endophytic microorganisms that contribute to secondary 

metabolite production are regarded as essential agents for 

enhancing host plant survival and defensive mechanisms. 

Two theories have been suggested to elucidate how 

endophytes enhance host plant defenses via chemical 

mechanisms (88). 

 The "mosaic theory," proposed by Carroll (89), 

suggests that endophytes generate a heterogeneous chemical 

profile within genetically uniform plant organs, making these 

organs less attractive to herbivores and more resistant to 

pathogens. For example, endophytes in grasses like Lolium 

perenne (perennial ryegrass) produce loline alkaloids, 

diversifying the chemical environment among plant tissues. 

This chemical variability deters herbivores and reduces 

pathogen susceptibility, enhancing the plant’s overall fitness 

and survival. 

 In contrast Arnold, Mejía (90) proposes that endophytes 

act as "acquired immune systems" in host plants. According to 

this theory, endophytes help the host develop an immune 

response against potential pathogens. They may produce 

secondary metabolites that directly inhibit pathogens or trigger 

plant defense pathways, effectively boosting the plant’s 

immune system. Both theories underscore the essential role of 

endophytic fungi in supporting host plant chemical defenses. 

Endophytes enhance plant life by producing secondary 

metabolites, resulting in a diverse chemical profile or acting as 

acquired immune systems. Various endophytes are responsible 

for secondary metabolite production in specific crops (Table 7). 

Phytohormone production 

Endophytes produce phytohormones such as auxins, 

gibberellins (GAs), and cytokinins. While the significance of 

phytohormone production by endophytes, particularly 

gibberellins, is still not well understood, these molecules 

serve as necessary chemical signals and messengers that 

promote plant growth under various environmental 

conditions (91). A higher number of endophytes are 

responsible for producing phytohormones in specific crops 

(Table 8). 

 

 

Crop Endophytes Pest/Pathogen References 

Soyabean Verticillium lecanii Heterodera glycines (107) 

Chinese cabbage Pseudomonas sp., Rhizobia sp., Bacillus sp. Pectobacterium carotovorum sub sp. carotovorum (Pcc) (108) 

Tomato Pseudomonas sp., Rhizobia sp., Bacillus sp. Alternaria solani (109) 

Oil palm Pseudomonas sp., Rhizobia sp., Bacillus sp. Ganoderma boninense (110) 

Banana Fusarium oxysporum Radopholus similis (111) (112) 

Table 6. Biocontrol activities by various endophytes in specific crops 

S.No. Crop Endophytes Beneficial Effects Reference 

1. Celery cabbage Fusarium E5 Increased production of triterpene and diterpene (113) 

2. Japanese yew Fusarium sp. Increased production of paclitaxel (114) 

Table 7: Secondary metabolites production by various endophytes in specific crop 

Crop Endophytes Beneficial Effects Reference 

Rice Penicillium citrinum IR-3-3 
Showed maximum plant growth and increased production of 

physiologically active gibberellins (115) 

Rice Cladosporium sp. MH-6 
Increased shoot length (12.9 cm) and enhanced physiologically active 

GAs (116) 

Rice 
Phoma 

glomerata LWL2,                                        
           Penicillium sp. LWL3 

Increased production of GA and IAA (99) 

Cucumber Paecilomyces formosus strain LHL10 
Enhanced shoot length, reduced the effects of salinity by the 

accumulation of proline and antioxidants (117) 

Soybean, bean  
and maize 

Purpureocillium lavendulum,   
Purpureocillium lilacinum, 
Metarhizium marquandii 

Increased availability of P and N to the plants and  increased 
production of IAA (118) 

Table 8: Phytohormone production by various endophytes in specific crop 
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Conclusion   

In conclusion, the application of microbial endophytes in 

agriculture has emerged as an effective technique to 

augment nutrient availability, increase crop productivity and 

enhance environmental sustainability. This review has 

highlighted the complex interactions between rhizobial and 

non-rhizobial endophytes and their host plants, emphasizing 

the wide range of benefits these microorganisms offer. 

Through mechanisms such as biological N fixation, P and K 

solubilization and micronutrient mobilization, endophytes 

significantly improve soil nutrient status and promote plant 

growth. 

 Although challenges remain in translating laboratory 

findings into consistent field outcomes, the potential of 

microbial endophytes to reduce dependence on synthetic 

fertilizers, minimize environmental impact and improve crop 

yields is clear. of integrating endophytes into agricultural 

systems marks a significant step toward more sustainable 

and productive agroecosystems, providing a promising 

solution to meet the growing demands for global food 

security and environmental conservation. 

 

Future perspectives 

Future research on rhizobial and non-rhizobial endophytes in 

nutrient acquisition and crop enhancement should focus on 

comprehensively examining the endophytic microbes 

associated with a wide range of food and commercially 

important crops. This will help expand our understanding of 

crop-specific plant-microbe interactions. Such knowledge will 

facilitate the development of customized microbial or 

biofertilizer formulations tailored to specific crops, potentially 

maximizing nutrient acquisition efficiency and improving crop 

yields. Creating these crop-specific biofertilizers offers a 

significant opportunity to optimize agricultural practices 

across various cultivation systems. 

 Moreover, undertaking detailed microflora mapping of 

endophytes in different crops will provide valuable insights 

into the unique microbial communities associated with each 

plant species. This mapping could uncover novel beneficial 

microorganisms and clarify the synergistic relationships within 

the plant microbiome. By integrating these research 

directions, future studies can unlock the full potential of 

rhizobial and non-rhizobial endophytes in enhancing nutrient 

acquisition and fostering complementary effects in crops. 

 Additionally, further research is needed to fully 

understand the mechanisms underlying the interactions 

between these endophytes and plants in different soil types.  
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