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PREFACE 

Contrary to the continuous increase in the world population, there is a 

constant decrease in arable areas. This situation has led to the necessity of using 

existing agricultural yards in the most effective way. As a matter of fact, when 

the production figures are examined, an increase in crop production is observed 

despite the decrease in agricultural areas. This is only possible by increasing 

productivity per unit area. The most important factor in increasing productivity 

was the introduction of new developed varieties into agricultural production. 

However, in parallel, farmers have also developed cultural practices that lead 

to increased productivity in agricultural production. However, recent 

deteriorations in natural resources and ecosystem balance have led to 

questioning the reliability of current practices. Dangerous situations such as 

eutrophication of groundwater due to excessive fertilization, residue problems 

caused by excessive use of pesticide active ingredients, and the development of 

new breeds of resistant disease/pest agents endanger sustainability. However, 

if we act consciously, there will be no need to experience these negative 

situations, and it will be possible to reduce production costs. How Does? Of 

course, with the use of microorganisms that make positive contributions by 

establishing a positive relationship with the plants. Some microorganisms have 

positive effects on the rhizosphere environment in the plant root zone, and some 

have positive effects on the phyllosphere in the above-ground parts, providing 

positive effects on nutrition and resistance. Even though certain microbes grow 

inside plant roots, their extensions spread to other plants in the surrounding soil. 

Plants share and communicate through this branching. Furthermore, these 

extensions that grow deeply contribute significantly to plant nutrition and 

drought resistance. In order to prevent the usage of pesticides, some of the 

advantageous microorganisms play a crucial role in decreasing disease or pest 

populations as they are natural enemies of other microbes that cause disease.In 

this book, important information is given about some microorganisms that can 

establish positive relationships with plants in different ways and show different 

positive effects. We express our respect on behalf of all writers and hope that 

the book we are the editors of will benefit the entire agricultural community. 

We also declare that we are open to any kind of feedback regarding the book. 

EDITORS 

Associate Prof. Dr. Ayşen Melda ÇOLAK 

Assistant Prof. Dr. Kerem MERTOĞLU 
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INTRODUCTION 

Recent severe changes in climate pose a serious risk to the quantity and 

quality of agricultural production and jeopardize global food security. Plants 

are also more susceptible to disease attacks due to abiotic stress factors brought 

about by climate change (Ertürk, 2022). Increasing temperatures due to climate 
change are the agricultural production sector that affects fruit-growing 

agriculture the most. The increase in temperatures and changes in precipitation 

regime have led to an increase in disease agents in fruits. Due to this increase, 

the search for new methods in the fight against diseases in fruit growing has 

started, and there is an increase in R&D studies on environmentally friendly 

control methods. Fruit and vegetable production suffers significant losses due 

to agricultural diseases during plant cultivation, product processing, product 

transportation, and storage. However, synthetic fungicides are applied 

unconsciously and frequently to control diseases in these agricultural products. 

Although these fungicides are successful in the treatment of phytopathogen-

borne diseases, they cause environmental pollution, create disease resistance, 

disrupt the ecological balance, leave harmful residues in soil, water, and 

atmosphere, and are economically costly and unsustainable alternatives 

(Sharma et al., 2009; Villarreal-Delgado et al., 2018). Therefore, it is highly 

desirable to generate innovative, environmentally friendly, sustainable 

solutions that focus on eliminating or reducing the use of synthetic fungicides 

in agriculture (Santoyo et al., 2012).  

Biofertilizers are divided into different groups according to their 

functions and the nutrients they provide to plants. The contribution of 

biofertilizers to plant development and the rhizosphere is quite high (Al-

Hchami and Salloom, 2023). Beneficial microorganisms living in the 

rhizosphere promote plant growth and increase resistance to many plant 

diseases. Among these microorganisms, Plant Growth Promoting 

Rhizobacteria increases crop productivity and reduces the use of chemical 

fertilizers and herbicides (Kloepper et al. 1980; Ashrafuzzaman et al., 2009). 

There are many reasons for yield losses in fruit trees. When we list them, 

biotic and abiotic stresses come first. Biotic factors cause significant economic 

losses in both fruit yield and quality. Root, stem, leaf, and fruit health are the 

most important factors in pre-harvest yield losses. The use of environmentally 



PLANT MICROBE INTERACTIONS | 6 

 

friendly, sustainable biological practices in the control of diseases in fruit trees 

(root, stem, leaf, branch, fruit) has been increasing in recent years.  

Pre-and post-harvest fruit loss due to phytopathogenic fungi is now 

thought to account for more than half of all agricultural fruit production (Zhang 

et al., 2017). High rates of microbial contamination are the primary cause of 

low fruit yield and quality. Mycotoxin-producing fungal diseases have a 

detrimental impact on both the economy and public health. Mycotoxins are 

dangerous chemicals that can pathologically damage human health. They are 

produced when fungi undergo secondary metabolism (Ismaiel and Papenbrock, 

2015; Dwiastuti et al., 2021). Pre- and post-harvest fruit loss due to 

phytopathogenic fungi is now thought to account for more than half of all 

agricultural fruit production (Zhang et al., 2017).  
 

1. Pre-Harvest Diseases in Fruit Trees 

Rosellinia necatrix Bearl ex Prill is an important soil-borne root 

pathogen affecting many commercial fruit tree species such as apple, cherry, 

almond, peach, plum, pomegranate, grape, pear, olive, avocado, and grapevine. 

This fungus, the cause of white root rot disease, causes wilting and eventual 

death of host plants (Kanda et al., 2003; Ten Hoopen and Krauss, 2006; Cruz 

et al., 2014). 

Plant diseases that damage fruit crops, including citrus, apples, 

strawberries, and grapes, can appear in the field or the days following harvest 

(Miskiyah and Broto, 2010; Dwiastuti et al., 2021). Studies on citrus have 

shown that Citrus Tristeza Virus infections like sticky pathogenic microbes 

such as Rhizoctonia sp., Alternaria sp., Phytophthora sp., Pythium sp., and 

Xylella sp. cause seeds to rot and sometimes even fail to germinate; those that 

grow develop poorly and eventually wither (Ahmed et al., 2012; de Sousa and 

Granada, 2023).  

Various fruit trees are grown in Adiyaman. Various phytopathogenic 
plant diseases are encountered, especially pre-harvest and post-harvest. 

Anthracnose (Colletotrichum gloeosporioides), Leaf rust (Tranzschelia 

discolor f. sp. dulcis), powdery mildew (Sphaerotheca pannosa), flesh spot 

disease (Polystigma ochraceum), monilia (Monilinia Laxa), and almond branch 

cancer (Pseudomonas amygdali) are among the common diseases that affect 
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almond trees (Gramaje et al., 2012; Karaat et al., 2021). Figure 1 shows 

important diseases of almonds.  

 

  

Figure 1. a) Anthracnose (Colletotrichum gloeosporioides) b) Leaf rust (Tranzschelia 

discolor f. sp. dulcis), c) Armillaria, d) Phytophthora, e) Alternaria leaf spot, f) 

Vertiticellium (Ahmad et al., 2022). 

 

The following are common diseases that affect walnut trees: leaf spot 

(Microstroma juglandis), bacterial blight (Xanthomonas arboricola pv. 

juglandis), anthracnose (Gnomonia leptospira), root rot (Phytophthora spp.), 

Armillaria root rot (Armillaria mellea), leaf spot (Microstroma juglandis). 

Important diseases seen in walnut in Figure 2.  
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Figure 2. Important diseases seen in walnut (Kałużna et al., 2021) 

Olive trees are susceptible to several common diseases, including 

Pseudomonas savastanoi pv. savastanoi, anthracnose (Gloeosporium olivarum 

Alm.), and Verticillium wilt (Verticillium dahliae). The three most prevalent 

diseases affecting grapevines are retrograde death (Eutypa lata), gangrene 

disease (Dothiorella spp.), and vine disease (Phaeomoniella chlamydospora) 

(Camps et al., 2010; Wunderlich et al., 2011).  

 

2. Post-harvest Diseases in Fruit Trees 

Inadequate post-harvest fruit handling can cause rotting or other 

physical damage from falls during transportation. Such physiological damage 

facilitates the spread of the fungi. Many fruits are contaminated with pathogens 

during storage due to improper packaging, bumping, early harvesting, and 

chemical changes (Miskiyah and Broto, 2010). Especially, in less developed 

countries - especially in humid climates - post-harvest food losses account for 

around 30% of production (Bradford et al., 2018).  

They cause plant death in immature trees and loss of quality and yield in 

established trees. Farmers are advised to use chemical pesticides such as 

Captan, Apon, and Dazomet to combat the causes of diseases in citrus (Gade et 

al., 2012). Biocontrol microbes in fruit trees play a critical role in reducing the 

incidence of postharvest diseases and pre-harvest phytopathogenic microbial 
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infections. Due to their high nutrient and water content, postharvest fruit trees 

are more vulnerable to microbial pathogen infection after harvest (Talibi et al., 

2014). Postharvest fruit rot in citrus orchards can be caused by diseases such as 

Penicillium spp. (Wang et al., 2022), A. alternata, P. citrophthora, and C. 

gloeosporioides (Shinde and Sadgir, 2016; Ferreira et al., 2020). Citrus has 

been associated with about 20 postharvest diseases, which cause enormous 

financial losses of about 20-25% (Devi and Kumari, 2015; Bazioli et al., 2019). 

Important diseases of pears are black spot (Venturia pyrina), root rot (A. 

mellea), and mammalian rust (Gymnosporangium fuscum). Leucostoma cincta 

[Cytospora cincta (anamorph)] causing cancer and backward death in apples, 

root rot (Armillaria mellea), apple blackleg disease caused by V. inaequalis in 

apples depends on the severity of infection in leaves, fruits, and shoots. 

Important diseases seen in apples after harvest are given in Figure 3.  

 

 

Figure 3. Important diseases seen in apples after harvest (Buyukarikan and Ulker, 

2022; Argenta et al., 2023). 

The question for plant pathologists is to prehend this moment to both 

bring out and help biological control procedures as a feasible alternative to 

fungicides for the control of postharvest diseases of fruits and vegetables. 

Achieve this, a concerted research and development effort will be needed at 

various government, university, and industry laboratories, which will required 

a substantial increase in funding and cooperation. Host opportunities are open 

for the development of biological control procedures for post-harvest diseases 

of fruits and vegetables as an alternative to fungicides. investigation of natural 

plant products as fungicides should be investigated. Also, a basic understanding 

of resistance and defense strategies in harvested commodities should expose 

plurality of new approaches for control of postharvest diseases. 
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3. Beneficial Microorganisms in Fruit Trees 

Soil biology, with its dynamic and complex structure, varies according 

to conditions and increases soil fertility by interacting with living elements. 

Microorganisms have a high density in the rhizosphere region, which we call 

the plant root zone in the soil. Beneficial microorganisms, which are also 

considered plant biostimulants depending on the type of microbes, can reduce 

the effect of biotic-abiotic stress factors and support plant growth independently 

of nutrients in the soil (Ertürk, 2022). Arbuscular mycorrhizal fungi (AMF), 

Trichoderma, and plant growth promoting Rhizobacteria are important 

biostimulants in this group (Jacoby et al., 2017). They are primarily used to 

feed plants or to protect plant-tree fruits against diseases (Sible et al., 2021; 

Bartucca et al., 2022; Güneş, 2023). 
In addition to fixing nitrogen in the atmosphere and using siderophores 

to absorb iron, beneficial microbes also suppress soil pathogens, increase plant 

nutrients and water availability, help break down organic waste, form antibiotic 

substances, and reduce the uptake of heavy metals. Biofertilizers are useful 

living microorganisms that improve soil fertility, promote plant growth, and 

decrease biotic and abiotic stress factors in various plants, including fruit trees. 

They are also environmentally friendly, sustainable techniques (Ertürk, 2022; 
Gunes et al., 2023).  

Biological control is a very important strategy in integrated disease 

management. This is because it is an excellent alternative to chemical control 

and a sustainable practice. Research clearly shows the effectiveness of 

Arbuscular Mycorrhizal Fungi (AMF) in plant disease management, either as a 

single application or as an AMF-beneficial microorganism association. AMF 

can establish symbiotic relationships with 80% of terrestrial plants, have a 

mutualistic relationship with plant roots, and have successful and sustainable 

applications in many biotic and abiotic stress factors (St-Arnaud et al., 1994; 

Azcón-Aguilar and Barea, 1997). The beneficial microbe Trichoderma is one 

of the most widely used plant pathogen antagonists in various biological 

applications. It has been demonstrated to increase nutrient uptake, promote root 

growth, and enhance plant growth. Through a variety of biological 

mechanisms, such as the inactivation of pathogen enzymes, competition for 

nutritional space, mycoparasitism, and synthesis of inhibitory compounds, 

Trichoderma species help confer resistance to plant infections (Roco and Pérez, 
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2001; Yedidia et al., 2000). On the other hand, Plant Growth Promoting 

Rhizobacteria (PGPR) have a direct impact on plants because they aid in 

nutrient uptake, effectively combat plant diseases, and encourage nitrogen 

fixation (Alagawadi and Gaur, 1992; Bashan and de-Bashan, 2005). Therefore, 

environmentally friendly biocontrol agents applied pre-harvest are a good tactic 

for fruit trees that may be adversely affected during post-harvest transportation 

or storage. 

This book chapter evaluates the results of studies to demonstrate the 

efficacy of beneficial microbes such as Arbuscular Mycorrhizal Fungi (AMF), 

Trichoderma species, and Plant Growth Promoting Rhizobacteria (PGPR) on 

fruit cultivation and postharvest plant diseases.  

 

4. Fruit Culture and Fruit Tree Diseases: The Role of 

Arbuscular Mycorrhizal Fungi (AMF) 

In fruit trees, some microbial species function as phytopathogens, and 

some microbial interactions promote the growth of organic matter (Pandit et al., 

2022). When used as biocontrols in fruit trees, beneficial non-pathogenic 

microbes can lessen the effects of numerous stressors (Ruano-Rosa and 

Mercado-Blanco, 2015). You can apply these advantageous microbes to soil, 

seeds, fruits, and leaves. The detrimental effects of plant disease are decreased 

by these microbes, which also emit biological substances, inhibit the growth of 

fruit tree diseases, and create systemic resistance to them (Schmidt et al., 2019; 

de Sousa and Granada, 2023). 

AMF, one of the beneficial microbes used in sustainable agricultural 

methods, not only develops a mutualistic relationship with plants but also 

makes a significant growth contribution to them. Thanks to the hyphae that 

AMF forms in symbiotic harmony with plant roots, it expands the surface area 

of plant roots and promotes mineral uptake from the soil, allowing plants to 

grow more (Ertürk, 2022). According to Türkmen et al. (2008), AMF is also an 
important microbe in terms of sustainability as it makes plants more resistant 

to environmental pollutants such as plant diseases, negative pH, heavy metals, 

and salt stress. According to Rouphael et al. (2015), they also secrete 

phosphatase and other organic molecules to increase the P concentration in the 

soil.  



PLANT MICROBE INTERACTIONS | 12 

 

Pythium ultimum Trow, Rhizoctonia solani Khun and Phytophthora spp. 

are just a few of the plant diseases where AMF is crucial for their suppression 

(Cordier et al., 1996; Trotta et al., 1996; Yao et al., 2002; Cruz et al., 2014). 

J.lividum, some bacteria of the genus Bacillus and Gigaspora margarita AMF 

spores play an important role in phosphorus (P) uptake and disease suppression 

(antagonism), for example, Paenibacillus sp. and Glomus mosseae AMF have 

been found to have an antagonistic effect on soilborne pathogens in sorghum 

(Budi et al., 1999; Cruz et al., 2008). Three major fungal diseases that were 

identified during the pre-harvest seedling phase in strawberries, namely 

Fusarium oxysporum, Alternaria alternata, and Rhizoctonia fragariae, were 

evaluated together with the efficacy of Gigaspora margarita and Funneliformis 

mosseae AMF species against them. According to research, AMF improved the 

wet and dry weight of plants as well as the phosphorus value (P) and total 

phenol antioxidant value (Demir et al., 2023). 

Research has demonstrated that AMF colonization enables strawberry 

(Fragaria × ananassa) plants to flower and fruit earlier, produce more sugar, 
anthocyanin, and photosynthesis, and improve plant development (Hršelová et 
al., 1990; Borkowska, 2002; Sohn et al., 2003; Castellanos-Morales et al., 

2010). 

 

5. The Function of the Beneficial Microbe Trichoderma in Fruit 

Tree Diseases 

Biological control agents are a crucial part of sustainable agricultural 

operations for farmers. One of these microscopic entities is called Trichoderma, 

and it works via a variety of processes, including competition, mycoparasitism, 

antibiosis, inducing host resistance, and enzyme inhibition (Niu et al. 2020; 

Kang et al. 2021; Ben M'henni et al., 2022). Among the most well-known 

helpful fungi is Trichoderma, which has a large number of species that inhabit 

plant tissue and the rhizosphere (Meraj-ul and Nandkar 2012). This fungi 

produces secondary metabolites. While it shows mechanism activity against 

Phytophthora species through competition, antibiosis and parasitism, it has 

been clearly established that it has antagonistic effect against Pythium species 

(Suarez et al. 2005; Mpika et al. 2009). Use the plant-Trichoderma symbiont 
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promotes plant growth and increases stress tolerance (Ramírez-Valdespino et 

al., 2019).  

According to Aslan et al. (2021), different Trichoderma species 

(Trichoderma harzianum, Trichoderma viride) were effective against 

Armillaria root rot and Desarmillaria. Trichoderma is a useful agent for 

controlling Fusarium root rot disease caused by F.solani in olive trees. 

 

6. Fruit Tree Diseases with Rhizobacteria-Promoting Plant 

Growth (PGPR) 

Many years have been dedicated to researching the link between bacteria 

and plants. Plants can choose which microbes to colonize beneficial bacteria by 

living in plant tissues, a process known as endophytes. Bacteria have been 

shown to have numerous positive effects on plant growth and health (De Souza 

et al., 2016; Santoyo et al., 2016). According to Hardoim et al. (2015), 

endophytic behavior is functionally defined as any bacterium that can be 

isolated from plant tissue or removed from its disinfected surface is an 

endophyte as long as it does not visibly harm the plant.  

Plant Growth Promoting Rhizobacteria (PGPR) comprises several 

functional and taxonomic groups (Ghosh et al., 2003), the most widely used 

and researched being Pseudomonas fluorescens (Duijff et al., 1997; Vazquez et 

al., 2000). In soil, nutrient uptake directly promotes plant growth through many 

pathways such as nitrogen fixation, phytohormone production, and IAA (Glick, 

1995), while phytopathogens act indirectly (Benizri et al., 2001).  

Few studies (Lingua et al., 2013; Bona et al., 2015) have examined the 

effect of PGPR on strawberries. A synergistic effect on strawberry growth after 

co-inoculation with AMF and Pseudomonas putida and promotion of AMF root 

colonization by Agrobacterium radiobacter has been previously reported 

(Vosatka et al., 2000).  

In another postharvest study in strawberries (Fragaria × ananassa var.), 
the effects of AMF (Funneliformis mosseae, Septoglomus viscosum, and 

Rhizophagus irregularis) and three different Pseudomonas sp. strains (19Fv1t, 

5Vm1K and Pf4) on plant growth parameters, fruit production and quality were 

investigated. As a result of the study, plant growth, fruit nutritional quality, 

sugar, and anthocyanin concentrations increased, and Rhizophagus irregularis 
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established more symbiotic relationships with plant roots than other species in 

terms of root colonization (Todeschini et al., 2018).  

 

CONCLUSION 

Before starting research on fruit tree diseases caused by microbes, care 

should be taken to choose the best plant-microorganism combination, cut back 

on chemical inputs, come up with concepts to improve soil sustainability from 

an ecological and financial standpoint, increase fruit quality and productivity, 

and think about disease control. Therefore this book chapter presents common 

pre-harvest diseases of fruit trees, plant biostimulants in the rhizosphere, their 

effects, benefits, and recommendations for reducing pesticide use. At the same 

time, the benefits of plant nutrients of plant biostimulants to fruit trees are 

indicated. The effect of using biocontrol methods to combat diseases in plant 

soil parts in terms of environmental and plant health is indicated. In addition, it 

was determined that the use of biostimulants especially in storage processes in 

the fight against storage-borne disease agents that negatively affect post-harvest 

physiology has significant beneficial effects in terms of fruit quality and storage 

time. 
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INTRODUCTION 

 Silage is a roughage obtained by fermentation of plant products with high 

water content, agricultural and industrial residues by lactic acid bacteria in 

anaerobic environment. The age-old practice of ensiling fresh forage to 

preserve it has drawn more attention. Ensiling is essentially a fermentation 

process in which many different groups of microorganisms play an important 

role. Factors such as the chemical and microbiological structure of the forage 

to be ensiled are effective on the quality of silage.  

 There are three interrelated factors in ensiling period. These are forage 

material to be ensiled, ensiling manages and fermentation process. To obtain a 

quality silage, all these factors should be emphasized meticulously. In addition, 

the populations of epiphytic microorganisms contained in fresh plants are 

highly variable and are influenced by various factors such as plant species, 

ripening period, weather conditions, harvesting, wilting, and shredding 

(Spoelstra and Hindle, 1989). 

 Ensiling has proven to be a valid process for utilization of agricultural 

by-products due to its ability to preserve nutrients (Xue et al, 2020). Effective 

silage fermentation is a natural process that lowers pH as quickly as possible, 

prevents microorganisms that cause decay, and preserves the maximum amount 

of nutrients by using epiphyte lactic acid bacteria to ferment the water-soluble 

carbohydrates in the forage into a variety of products, primarily lactic acid 

(Merry and Davies, 1999). Water-soluble carbohydrates are broken down by 

microorganisms to create organic acids, which lower pH and stop the growth 

of putrefactive bacteria to generate silage (McDonald et al., 1991; Muck et al., 

2018). This process yields silage. Because it may retain nutrients, ensiling has 

been shown to be a popular method for using agricultural leftovers (Lv et al., 

2020; Xue et al., 2020).  

 Lactic acid bacteria are the most important microflora in silage during 

the fermentation process. Because the ensiled material is protected by lactic 

acid. Other microorganisms, especially members of the Enterobacteriaceae 

family, Clostridial spores, yeasts, and molds, have a negative effect on silage 

fermentation. These microorganisms compete with lactic acid bacteria to utilize 

fermentable carbohydrates and their end products to negatively affect silage 

fermentation (Weinberg and Muck, 1996).  



PLANT MICROBE INTERACTIONS | 26 

 

 Recently, a variety of microbial additives are also available to help 

preserve silages. It is also important to know their possible effects on silage 

fermentation, preservation, and their possible use in livestock nutrition.  

 

Silage Microbiology 

 Silage micro flora plays a key role in achieving good quality 

fermentation in silages. In general, microorganism flora is divided into 

desirable and undesirable microorganisms. Desirable microorganisms in silage 

are mainly lactic acid bacteria. Lactic acid bacteria provide the preservation of 

silages with their metabolic products, lactic acids. Undesirable microorganisms 

are responsible for anaerobic decay (such as clostridia and enterobacteria) and 

aerobic decay (such as yeasts, molds, and listeria). These microorganisms 

causing silage decay not only to reduce the nutritional value of silage, but also 

significantly reduce animal health and the quantity and quality of the animal 

product (Driehuis and Oude Elferink, 2000). 

 

 

Figure 1. Silage microorganisms (Merry and Davies, 1999) 
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 During the fermentation period, different types of bacteria they become 

dominant at different times, fermentation can only take place if sufficient water-soluble 

carbohydrates are provided. 

 

Lactic Acid Bacteria  

 The epiphytic flora on plant material is the source of lactic acid bacteria, 

and soil is the primary source. Numerous factors, including the plant's dry 

matter content, growth stage, and the availability of nutrients on the leaves, as 

well as soil characteristics, altitude, and climatic conditions, affect the density 

of lactic acid bacteria on forage (Carr et al., 2002). Although the number of 

lactic bacteria is low in fresh material, this value can reach about 8-9 times in 

the advanced stages of fermentation and become the dominant microflora in 

silage. There may also be significant increases in the number of these 

microorganisms during harvesting and wilting of fresh material (Henderson et 

al., 1972). 

 Most species of lactic acid bacteria linked to silage are found in the 

genera Lactobacillus, Pediococcus, Leuconostoc and Enterococcus (Pahlow et 

al., 2003). In addition, the genera Lactococcus and Streptococcus also contain 

some important lactic acid bacteria species.  

 They all ferment sugars, but other products, notably acetic acid, ethanol, 

and carbon dioxide, are common. They are usually grouped into 

homofermentative and heterofermentative according to the products of 

fermenting glucose. One mole of glucose is used by homofermentative ones to 

produce two moles of lactic acid. One mole of glucose can yield one mole of 

lactic acid, one mole of carbon dioxide, and one mole of either acetic acid or 

ethanol by heterofermentative bacteria (Muck, 2010).  

 The full potential of lactic acid bacteria as well as organic acid 

production is not yet known, but inhibition of mycotoxin production by fungi 

appears to be due to microbial competition, low pH, nutrient depletion, and the 

generation of heat-stable metabolites (Dogi et al., 2013). Since the water-

soluble carbohydrate content of the forage to be ensiled is rapidly broken down 

by lactic acid bacteria during fermentation and converted into lactic acid, it is 

desired to have sufficient abundance. Otherwise, lactic acid bacteria cannot 

become the dominant microflora in silages. Lactic acid bacteria are a successful 
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application as an inhibitor of undesirable microorganisms due to their essential 

role in silage. 

Enterobacteria 

 Enterobacteria are normally effective in silages with a pH of around 6-7, 

while most of them are not effective when the pH is below 5. Therefore, a dense 

population of Enterobacteria is usually present in the plant during the first hours 

of ensiling (Lin et al., 1992). After the first few days of the fermentation period, 

the pH starts to decrease, and their numbers decrease rapidly, and they do not 

cause any problems (Filya, 2001). 

 

Clostridia  

Clostridia also have a significant effect on silage quality.  Clostridia 

can be divided into two main groups: saccharolytic and proteolytic clostridia. 

Saccharolytic clostridia convert sugars and organic acids in the plant into 

butyric acid. Proteolytic clostridia ferment amino acids and volatile organic 

acids (Woolford, 1984). 

Clostridia species microorganisms are the most important competitors 

of lactic acid bacteria during silage fermentation because they use the 

carbohydrates used by these microorganisms. However, because of catabolism 

of amino acids, they decrease the value of feed, cause energy loss and increase 

the pH of the environment. These microorganisms can develop in silage, but 

they can also be found in soil and feces, and they can infect the forage plant to 

be ensiled in these ways (Weinberg and Muck, 1996).  

 

Listeria  

Listeria bacteria have a negative effect on the feed value and hygienic 

quality of silage and pose a great danger to animal and human health. Therefore, 

these bacteria, like Clostridium bacteria, are never desirable in silage. Many 

species of Listeria have been identified in silage samples and it has been found 

that Listeria monocytogenes is the most common and this species causes 

inflammation in the brain tissue and paralysis in animals. Listeria 

monocytogenes is a non-spore-forming and rod-shaped bacterium and is 

commonly found in rotten fruits and vegetables, feces and soil (McDonald, 

1981). 
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Yeasts  

Yeasts are the most important aerobic microorganisms in the palnt 

when considering silage quality. Yeasts thrive on soluble substrates, of which 

sugars and lactic acid are the most crucial in silage When oxygen comes into 

contact with silage during feeding or storage, yeasts usually start to grow first.  

This is because many yeasts can grow at pH 3.5, well below the pH of most 

silage. Such acidic environments are conducive to the growth of mold and 

acetic acid bacteria, though the latter are uncommon and grow far more slowly 

than the former. The pH of the silage rises as yeast strains that can use lactic 

acid aerobically grow. This paves the way for the growth of other spoilage 

(aerobic) microorganisms, especially when the pH rises above 4.5 (Muck, 

2010).  

Counting yeasts in silages can be useful because, high yeast number in 

silages are usually linked to high ethanol concentrations and their numbers are 

typically inversely correlated with the aerobic stability of silages. Also, high 

yeast content is linked to subpar animal performance (Kung et al, 2018). 

 

Acetic acid bacteria 

Another group of microorganisms that are effective on aerobic spoilage 

are acetic acid bacteria. Acetic acid bacteria are acid-tolerant, aerobic bacteria. 

It is reported that these bacteria have inhibitory effects on yeast growth and 

yeast growth is not observed when Acetobacter species are present in the silage 

(Spoelstra et al., 1988).  

 

Bacilli 

Bacilli are facultative anaerobic or endospore-forming aerobic bacteria. 

B. lentus, B. licheniformis, Bacillus cereus, B. sphaericus, B. polymyxa, and B 

firmus are typically associated with silage (Woolford et al., 1979). Some 

species can also grow under anaerobic conditions. Bacillus spp., which are 

more tolerant to heat than yeasts, can replace yeasts with an increase in 

temperature during silage degradation (Basmacıglu and Ergul, 2002). 
 

Mold  

Molds are filamentous and aerobic fungi found on the product. Molds 

should be treated with extreme caution as they produce mycotoxins in silage. 
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Before ensiling, forage can harbor a variety of fungi that can infect plants 

growing in the field and produce mycotoxins. Additional fungal contamination 

can occur during harvesting and chopping from soil, ambient dust and air. 

These fungi and possibly the mycotoxins produced are ensiled with the plant 

material (Wilkinson, 2005; Mansfield and Kuldau, 2007).  

Molds are also crucial to the aerobic degradation of silage that occurs during 

feeding period. The most common molds found in silages belong to the genera 

Penicilium, Geotrichum, Aspergillus, Mucor, Fusarium, Absidia, 

Scopulariopsis, Monascus, Bysochlamys, Arthrinium, and Trichoderma 

(McDonald et al., 1991). 

They are on average the slowest growing microorganisms compared to 

other microorganisms in silage. They rarely occur in significant or sufficient 

populations to affect measurements of silage quality until they undergo 

significant aerobic degradation by yeasts and various aerobic bacteria. Thus, 

their presence visually indicates silage that is significantly lower quality than 

the product at ensiling (Muck, 2010). While the total number of molds in silage 

is not a reliable indicator of mycotoxins, high numbers are frequently linked to 

silages that have aerobically spoiled (Kung et al., 2018). Since molds are 

generally aerobic microorganisms, their growth in silage occurs close to the 

surface layer that is not well sealed or well compacted. 

 

Phytogenic Additives 

The use of plant extracts in livestock and poultry nutrition as substitutes 

for prohibited additives like antibiotics has received more attention. For many 

years, there have been additives available to improve the fermentation of silage. 

Producers have had access to an extensive range of silage additives that aid in 

the preservation of forage (Muck et al., 2018).  

Biomolecules, such as phytochemicals found primarily in food, are 

classified as functional or bioactive components because they can alter one or 

more metabolic processes in the human body to enhance health and well-being 

(Abuajah et al., 2015).  

Phytochemicals have been used for years in the treatment of various 

diseases in animals and humans. In addition to the treatment of diseases, these 

plants are used as performance enhancers in animal feed. In addition, they have 

antibacterial, antioxidant, anticarcinogenic, antifungal, analgesic, insecticidal 
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and anticoccidial properties. The bioactive components contained in 

phytochemicals can compete with synthetic drugs and are also used as 

performance and efficiency enhancing feed additives in animal feeds as well as 

treatment of diseases. In addition, the majority of phytochemicals have no 

residue risk in animal products (Tipu et al., 2006). What makes phytogenic 

plants valuable are the bioactive compounds they contain, and these are called 

"secondary metabolites". They are organic compounds synthesized by plants 

but do not have any direct role in the growth and development of plants and are 

mostly produced for defense against herbivores, microorganisms, and 

ecological variations (Wink, 1988).  

Today, phytogenic additives are used in the animal production chain 

for a wide variety of purposes such as improving feed palatability, increasing 

feed consumption, improving animal welfare, animal resistance and health 

status, preventing and treating diseases, increasing carcass yield, and improving 

its properties. 

Phytogenic feed additives, also called phytobiotics, are a group of 

natural growth promoters derived from spices and various plants, used as non-

antibiotic growth promoters or feed additives. Phytogenics are added to the 

overall ration and can affect the protein and energy from all the different feed 

components (feeds, grains, meals, etc.). There are many types of phytogenics 

and some of the most effective for feed efficiency are: 

Spices: Spices have been shown to increase nutrient intake of dairy 

cows in different trials, and spices have been associated with positively 

affecting rumen pH by increasing the natural buffer resulting from salivary 

secretion. 

Tannins: Complex polyphenol compounds of plants. Their types and 

concentrations can vary a lot according to the extraction. Their nature allows 

binding, especially with protein, but the quantity and quality of the extract is 

crucial to ensure adequate binding in the rumen and release in the intestine.  

Essential oils: There are several families of essential oils with different 

modes of action. Essential oils are concentrated types of phytogenics containing 

the most vital elements of plants. In the literature, these compounds have shown 

antimicrobial activities used to alter secure, increase nutrient digestibility, 

ruminal fermentations of protein and energy, and improve digestion, and 

improve productivity. Each active ingredient can exert its antibacterial and 
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antifungal effects independently or synergistically. Therefore, different 

essential oils have different mechanisms of antibacterial and antifungal action 

(Evangelista et al., 2022). 

Adding an appropriate amount of plant essential oil to reduce the 

growth and proliferation of harmful microorganisms in silage in the early stages 

can improve the quality of silage to prevent the growth and proliferation of 

harmful microorganisms (Chen, et al, 2023). 

Leaves: In recent years, the fermentation of leaves used as botanical-

based phytogenic feed additives and their presentation to animals has been on 

the agenda. Thus, it is aimed to overcome the problems related to the high fiber 

and antinutritional factors contained in the leaves. This is done not only to 

increase the incorporation levels of leaves into silages, but also to make more 

use of their content of biologically active compounds due to their effects on 

improving animal health, enhancing performance, and adding functionality to 

their products. Live microbes and the metabolites they produce during 

fermentation can also be very important in enhancing the quality of silages and 

subsequently their suitability for use as ruminant feed, in addition to the role 

that bioactive compounds in plant leaves play in this regard. A growing number 

of studies have shown that phytogenic additives have significant antibacterial 

and antifungal activity in silages. 

The effects of different types of phytogenic additives on silage 

microbiology are presented in Table 1. 

 

Table 1. Examples of phytogenic additives for silages 

Type of 

phytogenic 

additives 

Levels Effect on silage microflora References 

A blend of 

essential plant 

oils (EO) 

Supplemented with 

0, 40, or 80 mg of 

whole-corn silage 

The EO did not affect the 

yeasts, molds, LAB, and 

Enterobacteria 

Kung et al., 

2008. 

Cinnamon leaf 

(CIN), 

oregano 

(ORE), and 

sweet orange 

oils (SO) 

Treated with CIN, 

ORE or SO 37.5, 75 

and 120 mg kg−1 

DM of barley silage 

LAB and mold unchanged, 

yeast decreased with the 

addition of 120 mg ORE. 

Total flora decreased in all 

groups of SO, and in the 75 

Chaves et al., 

2012.  
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and 120 mg groups of CIN 

and ORE. 

Honey locust 

pods 

Applied at 0, 20, 40, 

60, 80 and 100 g/kg 

DM levels to alfalfa 

silage 

LAB and yeast increased 

whereas mold decreased. 

Canbolat et al., 

2013. 

 

Oregano 

(ORE) and 

cinnamon 

(CIN) 

essential oils 

Added to 400 

mg/kg CIN, ORE, 

and ORECIN of 

field pea silages 

After 7 days of aerobic 

exposure, the number of 

molds in OA, ORE, and CIN 

decreased. 

Soycan Önenç 
et al., 2015. 

Thymol, 

eugenol, 

cinnamaldehy

de, capsaicin, 

carvacrol  

Added to 0, 50, 500, 

and 2000 mg kg−1 
of ryegrass 

2000 mg thymol, eugenol 

treatment decreased LAB, no 

change in clostridia in all 

groups. 

Foskolos et al., 

2016.  

Dried thyme 

pulp (DTP) 

Supplemented with 

DTP at 0, 0.5, 1.0, 

3.0, and 5.0% level 

of first-cut meadow 

grass and alfalfa 

silage 

In both silages, Enterobacter, 

Clostridia, yeast, mold 

decreased, LAB did not 

change in meadow grass 

silages, but LAB increased in 

the 5% DTP added group. 

Aksu et al., 

2017. 

Cumin 

essential oil 

(CEO) 

Supplemented with 

300 and 500 mg/kg 

CEO of alfalfa 

silage 

LAB count increased, 

Enterobacter and mold were 

not found, yeast decreased. 

Turan and 

Önenç, 2018. 

Moringa 

oleifera leaves 

Added to the at 

alfalfa and stylo 

silages levels of 0, 

25, and 50 %.   

Inclusion of 50 % resulted in 

higher LAB, and lower 

Enterobacter and Clostridium 

abundance.  

Wang et al, 

2019a.  

Lavender  

flowers  

Added to alfalfa 

silage at 0 %, 0.5, 1, 

1.5 and 2 

Enterobacter, Listeria spp, 

sulphide reducing anaerobes 

and yeasts were not found.  

Arslan Duru, 

2019a. 

Lavender  

(flowers and 

stem) 

Supplemented to 

alfalfa silage at 0 %, 

0.5, 1, 1.5 and 2 

Enterobacter, Listeria spp, 

sulphide reducing anaerobes 

and yeasts were not found. 

Mold decreased while LAB 

increased.  

Arslan Duru, 

2019b. 
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Oregano and 

cumin 

essential oils 

Incorporated at 

alfalfa silages at 

levels of 650 mg/kg 

Total mesophilic 

aerobic bacteria, 

Enterobacter, yeast, and mold 

counts was decreased, while 

LAB were increased. 

Soycan Önenç 
et al., 2019.  

Cumin and 

Cinnamon 

Essential Oils 

Added to alfalfa 

silages 

LAB increased, while yeast 

and mold decreased. 

Soycan Önenç 
and Turgud, 

2019. 

Lemongrass 

essential oil 

(LO) 

Added to 1, 2, and 3 

mL/kg of sugarcane 

silages 

Inclusion of 3 mL LO 

reduced yeast and mold 

growth. 

Júnior et al., 
2020.  

Moringa 

oleifera leaves 

Included at 0, 25 

and 50% rice straw 

silages 

Treatment increased the 

abundance of Lactobacillus  

He et al., 2020.  

Lavender 

Pomace (LP) 

Added to alfalfa 

silage at 0 %, 0.5, 1, 

2.5 and 5 

LP did not have any effect 

LAB, but Listeria spp were 

not detect, and sulphite 

reducing anaerobes, yeast and 

Enterobacter were below the 

detection limit. 

Arslan Duru, 

2020.  

Residues of 

astragalus and 

hawthorn 

Added to alfalfa 

silage at 1, 1.5, 2, 

2.5 and 3 % levels 

Showed inhibiting ability of 

Clostridium, Enterobacter 

and fungi.  

Ni et al., 2020. 

Oregano 

essential oil 

(OEO)  

Sprayed with 10, 

and 20 ml/75 cm2 

OEO for sugar beet 

pulp silage 

The OEO spraying reduced 

LAB, total live bacteria, and 

yeast contents. Mold content 

did not change. 

Çayıroğlu et 
al., 2020.  

Cumin 

essential oil 

Added to vetch-oat 

silages at 0, 200, 

300 and 500 mg/kg 

levels 

LAB increased, and yeast and 

mold decreased.  

Akıncı and 
Soycan Önenç, 
2021.  

Amomum 

villosum 

essential oil 

Supplemented to 

paper mulberry 

silage 

Lactococcus, 

Levilactobacillus and 

Lentilactobacillus increased 

but Stenotrophomonas 

decreased.  

Li et al., 2022a 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/lactobacillus
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Rhubarb stalk Treated to alfalfa 

silage  

Restricted the growth of 

yeasts and promoted lactic 

acid production. 

Li et al., 2022b 

Herbal 

residues (36 

kind) 

Added to alfalfa 

silage 

Stimulation of desired 

Lactobacillus species and 

inhibited undesirable 

microbes.  

Li et al., 

2022c.  

Dried 

mulberry pulp 

(DMP) 

Supplemented with 

DMP at 0, 2.5, 5, 

7.5, 10, 12.5 and 15 

of alfalfa silage 

Mold was not observed, and 

yeast increased.  

Sengul et al., 

2022.  

Mugwort 

residue MR) 

Added to alfalfa 

silage at 460 g 

alfalfa + 40 g MR 

LAB was no change, but 

Coliform bacteria and yeast 

were decreased.  

Guo et al., 

2023.  

Alecrim 

Pimenta 

nanoformulate

d thymol 

essential oil 

(NTO) 

Treated with 62% 

and 100 % NTO of 

sorghum and 

paiaguás grass 
silages 

Clostridium and 

Lactobacillus counts 

decreased with 

nanoformulated thymol. 

Sousa et al., 

2023. 

 

CONCLUSION 

Ensiling is used worldwide as a simple and effective way of preserving 

feed for livestock by acidifying roughages by natural lactic acid fermentation 

and then storing them for long periods without spoilage Ensiling is a common 

way to preserve moist forages with lower weather risk and harvest loss. Feed 

additives are an important part of the strategy to achieve the goal of safe feed, 

sustainable manufacturing, and healthy food. Phytogenics play a key role in the 

future profitable and sustainable production of feed. It also typically leads to 

higher mixing efficiency, reduced animal weeding activity, and shorter bunk-

staying times. The use of phytogenics, either singly or in mixtures, can be part 

of a global approach to improving silage quality. 
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INTRODUCTION 

 The highly complex and multifaceted nature of the plant microorganism 
relationship is vital for plant growth, health, and ecosystem maintenance. Some 
of the key aspects of these relationships are listed below. 

1. Symbiotic relationships such as those between Rhizobium bacteria and 
mycorrhizae (fungi) and plants 

2. Plant pathogen relationships that occur when certain bacteria, 
phytoplasmas, fungi, viruses, and viroid cause diseases in plants 

3. Relationships between antagonistic bacteria and fungi in terms of their 
natural protective effects on plants. 

4. Ensuring the sustainability of the nutrient cycle as decomposing 
microorganisms break down organic matter. 

5. Contribution of endophytic microorganisms to plant defense 
mechanisms against pathogens and some environmental conditions  
These examples illustrate the diverse interactions between plants and 

microorganisms. These relationships are an important topic of research and 
understanding in the fields of agriculture, ecology, and plant health (Karapire 
and Özgönen, 2013; Kumar and Nautiyal 2023).  

Interactions between plants and microorganisms are multidimensional 
and complex. The main factors that make this interaction complex can be listed 
as follows: 

1. Genetic diversity: both plants and micro-organisms have genetic 
variation. These variations are both within and between species. 

2. Environmental factors: Environmental factors such as climate, soil 
properties, water quantity, etc. influence the interactions between 
plants and microorganisms. The same plant species may interact with 
different microorganisms in a different environment. 

3. Time: Plants can have different levels of interaction with organisms 
at different stages of their development. 

4. Types of interactions: Not only symbiotic relationships, but also 
various types of interactions such as competition, predation (hunting), 
amensalism (one organism harms another while having no effect on 
the other) play a role in this system. These different types of 
interactions increase the complexity of the system. 
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5. Evolution and adaptation: Plants and microorganisms have adapted to 
each other over a long evolutionary process. These adaptations have 
evolved in mutually beneficial ways, especially in symbiotic 
relationships. This makes these interactions more complex. 

6. Communication and chemical signaling: Chemical signals play an 
important role in interactions between plants and microorganisms. 
Plants can send signals to microorganisms through root secretions or 
leaf lesions. These signals allow microorganisms to interact with 
plants. 

The combination of these factors makes the interactions between plants 
and microorganisms highly complex. This complexity plays an important role 
in the balanced functioning of ecosystems and the sustainability of plant health 
(Soylu et al. 2016; Rana et al. 2020; Kumar and Nautiyal, 2023). 

To deal with the complexity of plant-microorganism interactions and to 
understand these interactions, bioinformatics methods offer a range of 
analytical and informatics tools. Bioinformatics methods provide the ability to 
analyze large data sets, understand complex relationships and resolve these 
interactions in a systematic way. These methods can help us better understand 
the mechanisms underlying plant-microorganism interactions and their 
importance at the ecosystem level. 

 

Bioinformatics Methods 

Bioinformatics is a multidisciplinary field representing the combination 
of biology and information technology. Bioinformatics uses methods such as 
computer science and statistics to analyze, store, manage and interpret genetic 
information, molecular biological data, and other biological information. Key 
goals in this field include understanding genomics, proteomics, metabolomics, 
and other types of biological data, modeling the functioning of biological 
systems, discovering the molecular basis of diseases, and providing information 
for applications such as drug design. Bioinformatics uses computer algorithms 
and statistical methods to understand and solve large and complex biological 
data sets (Lucaciu et al. 2019; Keklik and Özcan, 2022). 

In this section, brief descriptive information will be given about 
commonly used bioinformatics methods that can be used to explain plant-
microorganism interactions.  
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Genomic analysis 

Definition: Genomic analysis is a discipline that studies the entire genetic 
material (genome) of an organism. This includes understanding the structural 
features of the organism's DNA, gene sequence, number of genes and 
organization of genes. 

Scope: Genomic analysis covers the entire genetic information of an 
organism. This includes protein-coding genes as well as regulatory regions, 
repeat sequences and other genomic features. 

Tools: Tools used in genomic analysis include DNA sequencing 
techniques, genome mapping methods and genetic mapping. 

Genomic analysis is an important area of research to understand the 
genetic characteristics of organisms, their evolutionary relationships, genetic 
diseases and to develop genetic-based applications. This analysis is used to 
make sense of genomic information on a large scale and to unravel complexities 
at the genome level (Darel and Képès, 2007; Sakiroglu, 2020). 
 

Transcriptome analysis 

Description: Transcriptome analysis is a method used to understand 
which genes are active and how active an organism is at a given moment. This 
involves examining how much RNA (mRNA) is produced in a cell. 

Scope: Transcriptome analysis focuses on gene expression. It aims to 
determine which genes are active at a given time in a cell and how much these 
genes are transcribed. 

Tools: Tools used for transcriptome analysis include techniques such as 
RNA sequencing (RNA-seq), microarray technology and quantitative PCR 
(qPCR). 

Transcriptome analysis is important for understanding how genetic material 
is organized, which genes are active under which conditions and the role of 
these genes at the cellular level. This analysis is used to understand the 
regulation of cellular processes and organismal responses by identifying 
changes in gene expression (Huber et al. 2008). 
 

Proteomics analysis 

Definition: Proteomic analysis is a scientific discipline that involves the 
analysis of all proteins that an organism or a biological system produces at a 
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given moment. This aims to understand how the organism responds at the 
cellular level and which proteins are synthesized under which conditions. 

Scope: Proteomics analysis goes beyond transcriptome analysis, which 
refers to a specific region of genetic material (DNA) and includes all proteins 
in the cell. This is used to understand the diversity, quantity, and function of 
proteins in a cell. 

Tools: The main tools used for proteomics analysis include 2D Gel 
Electrophoresis: A method based on the separation of proteins according to their 
isoelectric point. LC-MS/MS (Liquid Chromatography-Tandem Mass 
Spectrometry): A high-resolution technique that provides mass and amino acid 
sequence information of proteins. Gel-Filtration Chromatography: A technique 
based on the separation of proteins according to their size (Dutt and Lee, 2000; 
Schmidt et al., 2014). 

These methods are used to determine the diversity, quantity, modifications, 
and interactions of proteins in cells. Proteomics analyses are an important tool 
for understanding the complexity of biological systems and revealing the role 
of proteins in these systems (Schmidt et al., 2014). 
 

Metabolomics analysis 

Definition: Metabolomics analysis is a field of research that involves the 
systematic analysis of all metabolites (small molecules, products of biological 
molecules at the cellular level) that an organism or a biological system produces 
at a given moment. This aims to understand the results of biochemical reactions 
in cells and to determine how metabolites vary at the organismal level. 

Scope: Metabolomic analysis goes beyond transcriptome analysis, which 
refers to the expression of genetic material, and proteomic analysis, which 
refers to protein expression. It is used to understand the cellular functions of the 
organism, energy production, nutrient uptake, and other biological processes. 

Tools: Key tools used for metabolomics analysis include: 
NMR (Nuclear Magnetic Resonance): Used to determine the chemical 

structure and measure the concentration of metabolites. 
LC-MS (Liquid Chromatography-Mass Spectrometry): A high-resolution 
technique, LC-MS is used to identify metabolites in a sample. 
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GC-MS (Gas Chromatography-Mass Spectrometry): Another mass 
spectrometry technique used for the separation and identification of 
metabolites. 

Metabolite Microarray: Used to identify a set of metabolites and 
understand their interactions in the organism. 

Metabolomics analyses are used to understand how the physiological state 
of the organism changes under many factors such as disease state, 
environmental influences, and genetic factors. These analyses are an important 
tool to better understand the complexity of biological systems and reveal 
metabolic events at the cellular level (De Iorio et al., 2008; Issaq and Veenstra, 
2019). 
 

Functional genomic analysis 

Definition: Functional genomic analysis is a field of research that aims 
to understand the functionality of genetic material (DNA). This involves 
studying how genes work under certain conditions, how they participate in 
cellular processes and how the organism's genetic information is expressed. 

Scope: Functional genomic analysis aims to understand genetic 
processes such as gene expression, gene regulation, the function of gene 
product proteins and their interactions at the cellular level. This is used to reveal 
how genetic material functions in a particular organism or cell type. 

Tools: Key tools used for functional genomic analysis include: 
CRISPR/Cas9: A molecular biology technique used for gene editing and 

modifying genetic material. 
RNA Sequencing (RNA-Seq): Used to determine gene expression and analyze 
the transcriptome. 
ChIP-Seq (Chromatin Immunoprecipitation and Sequencing): A method used 
to identify gene regulatory regions. 
Protein-Protein Interaction Analysis: Used to determine physical interactions 
between proteins. 

Functional Genomics Databases: There are several databases that store 
genomic data and provide tools for analysis and interpretation. 

Functional genomic analyses are important for understanding the role of 
genetic information at the cellular level and the functionality of the organism. 
These analyses are used to understand the phenotypic consequences of genetic 
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alterations and adaptation of the organism, to reveal disease mechanisms and to 
identify genetically driven traits (Balding et al., 2008). 

 

Pathway analysis 

Definition: Pathway analysis is an analysis method that aims to 
understand how genes or proteins in biological systems assemble, interact, and 
work together along specific pathways or processes. This allows to evaluate and 
interpret genetic data in the broader biological context. 

Scope: Pathway analysis has the perspective of studying how genes or 
proteins interact with each other, how they are involved in specific biological 
processes and how these processes are regulated at the genetic level. This is a 
broad field covering biological pathways such as cellular signaling, 
metabolism, immunology. 

Tools: Key tools used for pathway analysis include: 
KEGG (Kyoto Encyclopedia of Genes and Genomes): A database of the 

organization of genetic information in biological systems along pathways. 
GO (Gene Ontology): An ontology system that describes the functions, 

processes and components of genes and proteins. 
Reactome: Another database of genetic pathways covering cellular 

processes, signaling pathways and metabolic pathways. 
IPA (Ingenuity Pathway Analysis): A software tool for analyzing and 

interpreting genomic data and uncovering biological meaning. 
Pathway analysis is used to understand the complexity of biological 

systems by placing genetic data in a broader context. This analysis is an 
important tool for determining the functional meaning of genetic information, 
understanding the interactions of genes and proteins, discovering disease 
mechanisms, and understanding the regulation of biological processes (Khatri 
et al. 2012). 

 

Metagenomic analysis 

Definition: Metagenomic analysis is a field of research that studies the 
genetic material of a community of microorganisms present in each 
environmental sample. This is used to understand the genetic diversity of 
microorganisms in natural environments, to assess the function of these 
communities and to reveal the genetic structure of ecosystems. 
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Scope: Metagenomic analysis includes the genomes of all 
microorganisms in a sample taken from an environment. This includes the 
genetic material of bacteria, archaea, viruses, and other microorganisms. 
Metagenomic studies can be performed in a variety of environments such as 
seawater, soil, human gut microbiota. 

Tools: The main tools used for metagenomic analysis include: 
DNA Sequencing Techniques: Used to identify genetic material in 

metagenomic samples. 
Bioinformatics Software: Used to analyze metagenomic data and 

identify microorganism communities. 
Metagenomic Databases: Databases containing the genomes of various 

microorganisms are used for the interpretation and analysis of metagenomic 
data. 

Metagenomic analysis is important for understanding the structures, 
diversity, potential functions, and ecological roles of microorganism 
communities. This provides information on the genetic diversity of 
microorganisms in natural ecosystems and finds application in many fields such 
as microbial ecology, environmental microbiology, and health sciences (Kukkar 
et al., 2022). 
 

Development of Transcriptome Analysis  
Transcriptome analysis represents the evolution of a set of techniques 

and methods used to determine gene expression and understand genetic activity 
within the cell. This evolution initially started with techniques such as Northern 
blotting, which were limited in resolution and number of genes. The 
development of DNA microarray technology in the late 1990s made it possible 
to measure the expression of thousands of genes simultaneously, but with 
limitations of focusing on specific gene sets. 

By the early 2000s, the development of RNA sequencing (RNA-Seq) 
technology put transcriptome analysis into a broader perspective. RNA-Seq 
went beyond focusing on specific genes by sequencing entire transcripts, 
providing high resolution, sensitivity, and genetic coverage. Then came the 
ability to determine gene expression at the single cell level, allowing a more 
detailed understanding of different cell types and gene expression profiles 
within heterogeneous cell populations. 
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Evolving transcriptome analysis has increased the ability to process and 
interpret large data sets. Specialized databases and analysis tools have been 
introduced to understand and evaluate these large amounts of data. Recently, 
technologies such as artificial intelligence and machine learning have started to 
play an important role in transcript analysis.  

These developments have made transcriptome analysis more sensitive, 
comprehensive and a powerful tool for biological understanding. The evolution 
of techniques has allowed for the continuous improvement of methods for 
determining gene expression and a deeper understanding of genetic information 
(Bayrak and Ünaltuna, 2011; Zhang, 2019). 

 

Transcriptome Analysis as a Tool to Explain Plant-
Microorganism Interaction 

This section provides examples of some of the studies that have used 
transcriptomics to reveal the molecular mechanisms shaping the dynamic 
relationships between plants and microorganisms.   
 

Symbiotic relationships 

In their study, Kawaguchi and Minamisawa (2010) extensively explored 
the genome sequences of model legumes and the corresponding genetic 
markers. To enhance accessibility to this valuable information, the L. japonicus 
genome database (miyakogusa.jp) and M. truncatula sequencing resources have 
been meticulously developed. These resources aim to provide comprehensive 
insights into the genomes and markers of L. japonicus and M. truncatula, 
significantly aiding the identification of causal genes related to symbiotic 
mutants in model legumes. 

Chen et al. (2022) conducted a study delving into the intricate 
interactions between plants and endophytes. Their focus on endophytes, 
naturally occurring microbes that inhabit plants without causing apparent 
symptoms, reveals their multifaceted benefits, including promoting plant 
growth, increasing metabolic capabilities, and enhancing stress resistance. 
Employing multi-omics technologies, including transcriptomics, the study 
sheds light on the mechanisms underlying these interactions by comparing 
endophyte-free (E-) and endophyte-inhabited (E+) plants. 
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Singh et al. (2021) concentrated on insect-plant interactions, utilizing 
transcriptomics tools to investigate gene expression. Although the primary 
focus is on insects, the study provides insights into plant responses at the 
transcriptome level, offering a glimpse into the complex dynamics between 
plants and their associated microorganisms. 

In the realm of plant-virus interactions, Zanardo et al. (2019) utilized 
RNA-seq techniques to analyze gene expression patterns, unraveling molecular 
mechanisms in both compatible and incompatible interactions within the plant-
virus pathosystem. 

In addition to these studies, Hu et al. (2023) explored interactions 
between plants in the rhizosphere, emphasizing the role of signaling molecules 
that vary across different stages of plant development. Transcriptome analysis 
played a pivotal role in uncovering the underlying mechanisms of these 
interactions. 

Moradi et al. (2021) contributed to the discourse by discussing the 
relationship between plants and microbes in the rhizosphere. They elucidated 
how plant growth-promoting rhizobacteria (PGPR) colonize plant roots, 
inducing beneficial effects such as increased overall plant growth, disease 
resistance, and enhanced tolerance to abiotic stresses. The authors emphasized 
the utility of transcriptomics analysis as an ideal technique to comprehend the 
intricate dynamics of plant-microbe relationships and the contributing factors. 

 

Pathogen-plant relationships 

Gao et al. (2022) investigated how plants respond to phosphate starvation 
and chilling stress, which are two common abiotic stresses that affect plant 
growth and development. They used RNA-seq to analyze the transcriptome 
changes in Arabidopsis thaliana under different combinations of these stresses. 
They found that phosphate starvation and chilling stress induced different sets 
of genes and pathways, and that some genes involved in photosynthesis and 
iron uptake were upregulated under both stresses. They also identified some 
candidate genes that may play important roles in plant adaptation to these 
stresses. 

Kang et al. (2020) studied the molecular interactions between alfalfa 
(Medicago sativa L.) and its rhizobial symbionts (Ensifer meliloti) at the below-
species level. They used comparative RNA-seq to examine the gene expression 
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patterns of four alfalfa cultivars inoculated with two E. meliloti strains that 
differed in symbiotic performance and phylogenetic relatedness. They found 
that alfalfa expressed distinct sets of genes in response to different rhizobial 
strains, and that some of the most significant genes were involved in flavonoid 
biosynthesis, plant-pathogen interaction, and nodulation. They also observed a 
positive correlation between plant transcriptomes and rhizobial phylogenetic 
distances. 

Biniaz et al. (2022) performed a transcriptome meta-analysis to identify 
common and specific responses of Arabidopsis to various pathogens, such as 
bacteria, fungi, oomycetes, and viruses. They integrated the data from 63 RNA-
seq studies and applied different statistical methods to detect differentially 
expressed genes and pathways. They found that Arabidopsis activated a core 
set of genes and pathways in response to all pathogens, such as defense-related 
genes, hormone signaling, and cell wall modification. They also found that 
Arabidopsis modulated specific genes and pathways depending on the type, 
lifestyle, and infection stage of the pathogens. 

Continuing with the exploration of plant-pathogen relationships, Nobori 
et al. (2018) analyzed the transcriptome landscape of a bacterial pathogen 
(Pseudomonas syringae pv. tomato DC3000) under plant immunity. They used 
RNA-seq to measure the gene expression changes of the bacterium in the leaves 
of Arabidopsis and tomato after triggering two types of plant immune 
responses: pattern-triggered immunity (PTI) and effector-triggered immunity 
(ETI). They found that the bacterium altered its expression of genes involved 
in metabolism, stress response, virulence, and motility under plant immunity. 
They also identified some bacterial genes and processes that were specifically 
responsive to PTI or ETI. 

Muchero et al. (2018) identified candidate genes mediating plant-
pathogen interactions in a tree (Populus trichocarpa). They used a combination 
of genome-wide association mapping, transcriptomics, and transient expression 
to study the genetic basis of resistance to a fungal pathogen (Sphaerulina 
musiva) in poplar. They found that a gene encoding a NAC domain-containing 
protein (PtrWND3A) was associated with resistance to the pathogen and was 
induced by infection. They also showed that overexpression of PtrWND3A in 
poplar enhanced resistance to the pathogen and altered the expression of genes 
involved in lignin biosynthesis and cell wall modification. 
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Antagonistic microorganisms and plant interactions 

Examining the interaction between Pseudomonas fluorescens and 
chickpea roots, Gupta et al. (2019) found that transcriptome analysis revealed 
upregulated genes associated with nutrient uptake, stress tolerance, and 
hormone signaling. The presence of P. fluorescens enhanced chickpea growth 
and conferred resistance against root pathogens. 

In a similar vein, Zhang et al. (2021) studied the impact of Bacillus 
amyloliquefaciens on maize transcriptomes, revealing genes involved in 
defense responses. RNA-seq analysis identified genes involved in defense 
responses, including jasmonic acid (JA) and salicylic acid (SA) pathways. The 
endophytic bacteria induced systemic resistance against fungal pathogens, 
highlighting their potential for sustainable crop protection. 

Wu et al. (2022) investigated the protective effects of Streptomyces 
strains on Arabidopsis under drought stress, with transcriptome analysis 
revealing upregulated genes related to osmotic regulation, antioxidant defense, 
and hormone signaling. The endophytic Streptomyces improved plant survival 
and water use efficiency. 

Yang et al. (2023)" examined the interaction between Bacillus velezensis 
and soybean (Glycine max) roots. Transcriptomic profiling identified genes 
associated with nutrient acquisition, stress tolerance, and growth promotion. 
The endophytic bacteria enhanced soybean growth and protected against 
soilborne pathogens. 

Kang et al. (2020) investigated specific molecular interactions between 
alfalfa (Medicago sativa) and its rhizobial symbionts at the below-species level. 
They identified 12 rhizobial biotypes of Ensifer meliloti that form nitrogen-
fixing nodules in alfalfa roots. Comparative RNA-seq analysis revealed 
differentially expressed genes (DEGs) associated with flavonoid biosynthesis, 
plant-pathogen interactions, and nodulation. Strong correlations were observed 
between plant transcriptomes and phylogenetic distances of the rhizobial 
inoculants. 

Zhao et al. (2021) explored the impact of drought and high-temperature 
stress on rice (Oryza sativa) transcriptomes. RNA-seq analysis revealed 
upregulated genes related to osmotic regulation under drought and heat stress. 
Transcription factors associated with stress tolerance were also identified, 
providing insights for crop improvement strategies. 
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These studies shed light on the protective benefits of antagonistic 
bacteria and mats for plants, underscoring the significance of transcriptome 
analysis in deciphering intricate biological interplays. 

 

Decomposing microorganisms and nutrient cycle 
sustainability 

Continuing the exploration of microbial interactions, Coonan et al. 
(2020) studied microbial detritus and demonstrated its significant contribution 
to soil organic matter (SOM). Bacterial detritus played a very important role, 
especially in grasslands. Nutrient availability influenced microbial biomass 
assimilation and SOM re-metabolism. Carbon transfer to SOM was enhanced 
by balanced nutrient addition, thus maintaining its stability. Terrestrial 
biogeochemistry is regulated by both living and dead microorganisms that build 
and break down the SOM, which contains the largest stock of terrestrial organic 
carbon and nitrogen. The genetic basis of this vital process has been revealed 
by transcriptome analysis. 

The soil microbiome deciphered through transcriptomics directly 
influenced nutrient cycling. Understanding microbial communities has become 
crucial for sustainable agriculture and carbon sequestration (Suman et al., 
2023). Transcriptome insights have elucidated the dominant bacterial phylum 
during composting. These microorganisms have driven nutrient 
transformations, emphasizing the importance of their genetic activity (Aguilar-
Paredes et al., 2023). 

To sum up, transcriptome analysis has unveiled the intricate molecular 
symphony within microorganisms, exerting a profound influence on nutrient 
cycles and shaping the destiny of organic matter. 

 

Endophytic microorganisms, pathogens, and defense 
mechanisms of plants 

In natural ecosystems, plant-symbiont-pathogen interactions play crucial 
roles in mitigating abiotic and biotic stresses. Endophytes, naturally occurring 
microbes that inhabit plants without causing apparent symptoms, emerge as 
advantageous sources of novel metabolites, growth promoters, and stress 
resistance in their host plants. These interactions involve complex mechanisms, 
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ranging from colonization to protection against adverse conditions. 
Transcriptomics and metabolomics provide insights into these intricate 
processes. By adopting a multi-omics approach, researchers uncover the 
molecular dialogues between plants and endophytes, enhancing our 
understanding of recognition, colonization, and their applications in sustainable 
agriculture and environmental resilience. 

Maintaining microbiota stability is critical for phytopathogen biocontrol 
and grapevine management. The abundance and richness balance between 
beneficial microorganisms plays a pivotal role. Environmental factors, 
including soil type, geography, and climate, significantly influence microbiota 
stability. These endophytic microorganisms, directly or indirectly, synthesize 
plant growth regulators, secondary metabolites, and defense compounds. Their 
intricate role in maintaining plant health underscores the importance of 
understanding their genetic activity through transcriptome analysis. By 
harnessing their potential, we can enhance crop resilience and sustainable 
agricultural practices. 

In conclusion, transcriptome analysis unravels the molecular intricacies 
of plant-endophyte interactions, exerting influence over nutrient cycling, stress 
responses, and overall ecosystem health. 

 

CONCLUSION  
The synthesis of findings across the reviewed studies underscores the 

pivotal role of transcriptomics in unraveling the intricacies of plant-microbe 
interactions. Through the lens of gene expression dynamics, regulatory 
networks, and functional pathways, transcriptomics serves as a formidable tool, 
shedding light on the diverse and complex nature of these associations. 
However, this analytical approach is not without its challenges and limitations, 
necessitating careful consideration and strategic directions for future 
investigations. 

Methodological Considerations and Challenges: 
While transcriptomics provides a powerful means to decipher molecular 

dialogues, ensuring the reliability of data remains paramount. Rigorous 
attention must be given to data quality, robust analysis methods, and the 
integration of complementary omics technologies for a comprehensive 
understanding. 
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Recommendations for Future Research: 
Integration of Omics Technologies: The synergy of transcriptomics with 

genomics, proteomics, metabolomics, and epigenomics is advocated to attain a 
more holistic perspective on plant-microbe interactions. 

Expansion to Non-Model Organisms: Broadening the scope by applying 
transcriptomics to non-model or under-studied plants and microbial species is 
crucial for enriching our comprehension of the diversity inherent in these 
interactions. 

Advancements in Transcriptomics Tools: Innovations in transcriptomics 
tools, such as the incorporation of single-cell or spatial transcriptomics, are 
urged to capture the nuanced heterogeneity characterizing plant-microbe 
associations. 

Validation Through Functional Assays: To elucidate causal genes and 
mechanisms, the coupling of transcriptomics with functional or phenotypic 
assays, including gene editing or mutant screening, is advocated for rigorous 
validation. 

Practical Applications of Transcriptomics: The exploration of practical 
applications and implications of transcriptomics in the realm of plant-microbe 
interactions is paramount. This includes the development of strategies or 
products with potential applications in crop improvement, protection, and 
management. 

In conclusion, while transcriptomics stands as a cornerstone in 
unraveling the molecular intricacies of plant-microbe interactions, a concerted 
effort towards overcoming challenges and embracing innovative approaches is 
essential for advancing the field and realizing its full potential. 
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INTRODUCTION 

Global warming, population growth, deforestation, drought, and other 

problems affect plant growth at the seedling stage in the present environment 

(Meyerson, 2004). As a result, various inner and extrinsic variables that appear 

to be responsible for seed germination inhibition have been found. The primary 

reasons for germination limitation are salinity, dryness, soil pH, light, 

temperature, storms, fires, and other abiotic factors (Humphries et al., 2018). 

Furthermore, herbivorous species infected with pathogens and other biotic 

factors decrease seed germination. Moreover, herbivorous species inoculated 

with pathogens and other biotic factors lead to seed germination inhibition 

(Doughari, 2015). It is estimated by Pandey et al. (2017) that 40 to 50 percent 

of crops are lost every year due to various stress factors imposed by various 

biotic and abiotic variables. The most important and sensitive stage in the life 

cycle of a plant is seed germination. The seed is a plant embryo covered by a 

barrier called testa. Compared to cryptograms that cannot produce seeds, 

phanerogams have longer life span, geographical range and reproductive 

success. A seed contains all the components necessary for the development and 

maturation of a young plant, including the embryo, a viable endosperm, and a 

covering seed coat. 

Biopriming is an application with beneficial microorganisms. Generally, 

it can also be applied for developing seedlings to become more resistant. The 

researchers coated sweet corn seeds with beneficial bacteria. Biopriming is 

used to improve seed quality in different species for germination enhancement, 

sample germination, seed vigour, seed emergence and disease resistance. 

Biological seed coating is a seed treatment technology that coats the seed 

surface using microbial inoculants to prevent seed-borne and soil-borne 

diseases. The effectiveness of microbial inoculants relies on the selection of the 

appropriate microbial strain, improved adaptability, a longer life span, 

innovative transporters, as well as additional additions. The formulation has a 

major effect on microbial survival throughout the product creation, storage, and 

application rules in the field, as well as the product's efficiency when treated to 

the plant host and the commercial viability of the application. Seed coating and 

priming procedures should be established and uniform for every type of field, 

plantation, and horticultural crops, and should be cost-effective, economical, 

and acceptable to farmers of all types. 
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What Is Priming and Effect Mechanisms? 

Both biotic and abiotic factors affect crop quality and quantity. As 

explained by Vittori et al. (2018), quality is defined as a combination of 

agronomic, organoleptic, and nutritional properties. The kind of soil, in 

particular its high or low salinity or acidity, drought, contamination, hot or cold 

temperatures, precipitation, humidity, UV radiation or winds are examples of 

abiotic characteristics. Adverse signals can cause plants to utilize stored energy 

to endure stress rather than rely on yield, which can dramatically diminish 

harvest yield. The biological variables involve bacteria, fungi, and viruses 

which lead to plant diseases. The seedling quality can be described by many 

characteristics. Benefits include no diseases or pests, high dry matter, an 

adequate root system, rapid new root development, a balanced root/shoot ratio, 

healthy leaves, optimum levels of minerals and carbohydrates and adaptability. 

Stem length, stem thickness, node distance, seedling fresh and dry weight, and 

pH and EC values of the growing medium that affect these criteria are 

important. Low-temperature stress during the early phases of seedling 

emergence can be a cause of poor seedling emergence uniformity, particularly 

when limited viable seed batches are used (Mavi and Demir, 2007). 

Germination and seedling growth are important to the successful development 

and continued growth potential of plants. Low water potential seed hydration, 

also known as priming, has frequently been used to shorten the germination 

period, synchronize emergence, and improve plant development in small seed 

crops (Heydecker et al., 1975). 

The technique of seed priming dates back to 60 AD. There have been 

several records dating back to the ancient Greeks reporting experiments carried 

out to promote seed germination (Evenari, 1984). Theophrastus (371-287 BC) 

observed that seeds soaking with water before sowing germinated rapidly. 

Gaius confirmed the importance of soaking seeds with water to improve 

germination (1949-1954). Priming is the process of preparing seeds before 

planting by treating them to a low external water potential, which allows for 

pre germinative physiological and biochemical activity while inhibiting 

germination via various ways (Taylor et al., 1998; Thornton and Powell, 1995). 

Priming improves seed performance by enhancing the rate and uniformity of 

germination, resulting in faster and better seedling development (Fig.1). This 

has been observed in many agricultural seeds (Powell et al., 2000; Warren and 
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Bennet, 1997). Hydration is an efficient, low-cost, simple, and effective means 

of enhancing seed germination and seedling growth among the numerous 

priming procedures (Thornton and Powell, 1992). Furthermore, hydration 

benefits poor transplant growers and farmers (Harris et al., 1999). Because of 

the small size of their seeds and slow germination, obtaining early and regular 

emergence might be difficult in some cases, especially when the seeds are 

planted deeply. Sub-optimal temperatures can also be the cause of low and 

variable germination in modules because of poor seed quality. Slow and 

heterogenity emergence causes differences in plant size and reduces the total 

quality of the transplant (Cantliffe, 1998; Watkins, 1998). 

 

 

Figure 1. Methods for priming seeds to improve seed germination and physiological 

state of plants (Nile et al., 2022)  

 

The seed germination process consists of three major phases, namely, 
(I) seed hydration, (II) activation of metabolic events, and (III) radicle 
emergence, accompanied by cell elongation. Seed priming is a low-cost easy 
procedure that improves seedling emergence, promotes uniform stand 
establishment, increases flowering, and results in a more productive crop 

(Ullah et al., 2019a; Rehman and Farooq, 2016). Essentially, seed priming 
means hydrating a seed to a necessary level to activate metabolic activities, 
but not to cause radicle emergence. Basically, priming techniques can be 
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divided into three phases, 
I. In this stage, the seed is being hydrated and absorbing water. 

II.After sufficient water has been absorbed, a number of biochemical 

processes are initiated which then lead to the germination of the 

seed. 

II. During priming, the seed is transported through Phase II before 

being dried. This occurs before the seed takes root. When 

temperature and moisture conditions in the field are favorable, this 

phase can be restarted, and propagation begins in a significantly 

shorter time. 

Types of Priming 

Currently, various priming techniques are used, including 
hydropriming, osmopriming, halopriming, solid matrix priming, hormonal 
priming, thermopriming, smoke priming, and micronutrient priming. 
Hydropriming is the most basic method of hydrating seeds while reducing the 
usage of pesticides. Polyethylene glycol (PEG), mannitol, glycerol, and 
sucrose are examples of osmotic substances that may be used in osmopriming 
processes (Parera and Cantliffe, 1994). Hormone priming is a term used to 
describe priming processes which affect seed physiology by exposing the seed 
with a hormone solution. In the last few decades, the use of organic substances 
that improve seed percentage of germination and homogeneous seedling 
emergence has gained popularity which called organic priming. marigold 
herbal tea, seaweed, humic acid, grapefruit juice, and fulvic acid have all been 
shown to be effective in seed treatments (Mavi, 2014). Micronutrient priming 
is a technique which involves immersing seeds in a nutrient solution rather 
than pure water to increase seed nutrient content while improving seed quality 
to get faster germination and seedling growth (Imran et al., 2013). 
Thermopriming is the process of soaking seeds for extended periods of time 
in distiled water with extreme temperatures oxygen. As the matrix priming 
treatment provides a significantly more airy environment than previous 
priming applications, there is no extra airflow is necessary (McDonald, 2000). 
Currently, researchers are studying the usefulness of smoke derived from 
plants as a priming agent. This research aims to reduce seed dormancy, 
increase seed viability, and improve seedling quality. 
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What is Biopriming and Its Importance? 

This method involves hydrating seeds and treating them with a 

biocontrol agent, which is a beneficial bacteria or fungus. Bio-priming has 

lately been used as an alternate strategy for managing various seed-borne and 

soil-borne diseases (Begum et al., 2010). At moderate (23 °C) and humid 
circumstances, seeds are moistened followed by inoculation with a bio-control 

agent, which can be either beneficial bacteria or fungi, for approximately 20 

hours. once then, seeds are harvested before roots form (Callan et al., 1990). 

Seed biopriming is a standard technique for getting a large population of 

beneficial micro-organisms into the soil, where they can colonise the 

developing roots of crops. This method has been used effectively in the field 

for decades and produces better or comparable results to traditional harmful 

fungicides (Raj et al., 2004). Seed biopriming with microorganisms improves 

plant growth and development by regulating a variety of biochemical and 

physiological activities and providing plants with stress tolerance and 

resistance mechanisms. Biopriming is used to activate certain signalling 

pathways in the earlier stages of plant phenology, resulting in more rapid plant 

protection mechanisms. After infection, a second signaling pathway is initiated, 

which eventually leads to an increase in signal transduction. This results in a 

rapid and significant enhancement of the protective mechanisms that are 

already present. Also, seed biopriming has many benefits against chemical 

treatments, which include having economically viable, quick, sustainable, 

while offering beneficial features for primed seeds. This technology also allows 

farmers to maximum productivity with minimal resources, improving their 

economic position and helping to alleviate the global food crisis. Further studies 

on seed biopriming technology should be conducted and centered on producing 

of microbial solutions that are more tailored to specific environmental 

circumstances. 
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Figure 2. Methods of seed biopriming with PGPR (Mitra et al., 2021) 
 

Biopriming Agents and Efficiencies 

Plant roots in the rhizosphere are subjected to different types of micro-

organisms. Plants have a close association with these organisms, which can be 

useful or harmful. According to several studies, seed biopriming with beneficial 

microorganisms found inside or near plant roots enhances germination 

percentage, seedling vigor, growth potential (Fig. 3). Biopriming agents can 

either release or encourage the production of phytohormones such as 

gibberellin, auxin and cytokinin in plants. In addition, they improve plant 

growth by increasing the supply of minerals such as N, P, K, Fe, and others. 

Range of fungal or bacterial bio agents viz., Azotobacter (Balasubramanian et 

al., 2018), Rhizobium, Arthrobacter, Agrobacterium, Azospirillum (Sowmya et 

al., 2022), Enterobacter (Bhatt et al., 2015), Serratia (Roberts et al., 2016) and 

Streptomyces (Abbasi et al., 2020), Streptomyces, Bacillus (Kaymak et al. 

2009; Song et al. 2017), Burkholderia, Klebsiella, PSB, Pseudomonas 

fluorescence, Trichoderma viride, Trichoderma harzianum and Vesicular 

Arbuscular Mycorhiza, whether they are biofertilizer or biopesticide, may be 

useful as biopriming agents (Deshmukh et al., 2020). 
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Figure 3. Biopriming with PGPR inoculant triggers the plant growth and health 

(Mitra et al., 2021) 

 

Biopriming is a global approach to sustainable agriculture which aims 
to enhance seed viability, seedling vigour, performance and tolerance to biotic 
and abiotic stresses by limiting the use of chemical treatments. It is associated 
with an increase in hydrolytic enzyme activities, ROS (reactive oxygen 
species) detoxifying enzyme activities, changes in endogenous plant hormone 
levels, and variation gene expression in plants, all of which lead to improved 
plant growth and resilience to stressful situations. The fundamental 
mechanism of this method consists of this actions; Positive effects on 
seedling development/vigor and antibiotic impact on microorganisms that 
cause disease. The ability of a seed to germinate and generate a strong seedling 
determines the long-term survival and reproduction of the types of plant (Babu 

et al., 2015). Using bioagents to prime seeds improves both germination rates 
and stress resistance in early seedling growth (Fallahi et al., 2011). Biopriming 
stimulates seed germination generally through phytohormone production and 
activation. It has been confirmed that biopriming improves the amount of GA 
and ABA (El-Araby et al., 2006). Homogeneous internal GA content in 
primed seed may promote synchronous deterioration of the endosperm, 
embryo, and reserve activation (Sung et al., 2008). By enhancing the ATP-

synthesising enzyme system, rapid imbibition process in primed seeds will stimulate 
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adequate activity of the mitochondria (Singh et al., 2003). PGPR used in biopriming 

stimulates the formation of specific phenolic acids at different stages of growth. Moreover, 

higher IAA levels in plants enhance the growth of roots, including root number/hairs and 

area, as well as promoting lateral roots and adventitious development, cell 

division/differentiation, phyto-pigment biosynthesis, differential metabolites and vascular 

tissue development (Naik, 2015). Biopriming in plants leads to various 
biochemical changes, including increased protein production, hormone 
synthesis, and storage of phenols and flavonoids. These changes contribute to 
the enhanced growth of the plant. In perennial plants, growth reactions are 
influenced by nitrogen reserve compounds such as proteins, nitrates, and 
amino acids (Dhanya, 2014). 

Seed priming promotes endosperm weakening and post-priming 
germination by increasing ethylene synthesis in treated seeds (Chen and 

Arora, 2013). Also, biopriming is known to activate the mending and 
restarting of elderly mitochondria, as well as the synthesis with new 
mitochondria (Sun et al., 2011). Microorganisms in agriculture can reduce 
mineral usage without sacrificing productivity. Microbial treatments play a 
key role in this by influencing enzymatic activity in the rhizosphere due to 
nutrient variations. Additionally, microorganisms have a known defense effect 
against a range of stresses, justifying their multifunctional use in integrated 
agriculture. Seed biopriming by microorganisms increased root related 
properties and provided a vigorous root structure. It improves root to shoot 
proportion, root dried weight, leaf quantity and size, and chlorophyll levels in 
crops, in addition to contributing to improved root system biopriming of seeds 
(Priya et al., 2016). Early flowering formation, enhanced plant height, number 
of branches, dry pod weight, pods and seeds per plant, seed yields, and 100-
seed weight were all results of biopriming (Naik, 2015). 

Plants are exposed to many types of stress, mostly biotic and abiotic, 
and respond to this stress by using some of their defense mechanisms (Fouda 
et al., 2019). Due to stress conditions, it causes many changes at the 
physiological, morphological, anatomical, biochemical and molecular levels 
of plants (Yılmaz et al., 2011). Abiotic stress factors are environmental factors 
such as cold, heat, drought, salinity, excess water, radiation, various 
chemicals, oxidative stress, wind and nutrient deficiency in the soil. Biotic 
stress factors are pathogens, insects and herbivores, including viruses, bacteria 
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and fungi (Mahajan and Tuteja, 2005). 

Effect of Biopriming on Biotic Stress 

Today, in modern agriculture, advanced technologies are used to prevent 
crop loss and increase productivity.The use of various plant extracts, microbial 
products and biological agents through biopriming to protect the seed against 
biotic and abiotic stresses, increase plant yield and production amount (Singh 
et al., 2020), use less amount of chemicals, increase seed efficiency, reduce the 
cost of control and It is considered a sustainable approach that can be applied 
due to reasons such as minimal intervention to biological balance. Therefore, it 
offers both economic and ecological benefits by reducing the need for chemical 
inputs and minimizing the negative impact on the environment (Devika, 2019). 
Seed biopriming is an important method to control both biotic and abiotic stress 
factors and ensures uniform plant development under stress conditions (Prasad 
et al., 2016). 

Seed biopriming of beneficial microorganisms is effective in reducing 
both soil-borne and seed-borne diseases (Rajput, 2019; Sood, 2021). This 
method not only increases resistance to biotic and abiotic stresses but also 
provides biological control before pathogen infection (Rajput, 2019). Utilized 
in biological control against soil pathogens, Trichoderma enhances nutrient 
uptake, releases toxins, facilitates the transfer of sugars and amino acids in plant 
roots, and stimulates plant growth and resilience to environmental stresses. 
(Zope et al., 2019; Zhang et al., 2019). In the study, biopriming method of bean 
seeds with T. harzianum reduced root rot diseases caused by F. solani, R.solani 
and F. oxysporum at pre-emergence and post-emergence stages. It has been 
demonstrated that the practical use of biopriming instead of chemical 
fungicides to control soil-borne plant pathogens that cause root rot will not pose 
any threat to humans, animals and the environment (El Mohamedy and Abd 
Alla, 2013). Additionally, seed biopriming has been found to increase disease 
resistance in several crops, including chickpeas, mung beans, mustard, pearl 
millet, and peanuts (Mondal, 2014). Similarly, in the study, it was stated that 
priming of T. harzianum in tomato increased the plant defense system against 
Fusarium oxysporum f.sp. lycopersici (Fol), and this was caused by increased 
expression of defense-related genes and increased antioxidative activities when 
exposed to the pathogen (Zehra et al., 2023). Phenylalanine Ammonia-Lyase 
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(PAL) (MacDonald and D'Cunha, 2007) and polyphenol oxidase (PPO) (Huang 
et al., 2018) enzymes play an important role in plant defense against various 
abiotic and biotic stresses.  Similarly, Singh et al. (2016) reported that T. 
asperellum and Siddaiah et al. (2017) showed that in seed biopriming 
applications with T. hamatum, PAL levels, which indicate resistance to the 
pathogen, increased significantly compared to the control. Another study 
revealed that application of Pseudomonas putida and Pseudomonas fluorescens 
to chickpea seeds could prevent wilt disease caused by Fusarium oxysporum 
fsp ciceris by inhibiting it and also providing plant growth-promoting 
compounds (Sufyan et al.,2020). Singh et al. (2020a) revealed in their study 
that in maize plants bioprimed with P. aeruginosa MF-30, a significant increase 
in plant growth and antioxidant content was obtained, as well as healthier corn 
plants in which Rhizoctonia solani reduced the disease severity. 

It is worth noting that the effectiveness of biopriming against plant 
pathogens may vary depending on the specific microorganisms utilized, the 
targeted pathogens, and the environmental conditions at play. Furthermore, 
considerations such as the timing of biopriming application and its 
compatibility with other agricultural practices are influential in determining its 
success in disease management. Ongoing researchs are actively working 
towards exploring and optimizing biopriming techniques for the effective and 
sustainable control of plant pathogens. 

 

Effect of Biopriming on Abiotic Stress  
Most abiotic environmental factors (such as salinity, drought, high and 

low temperatures) contain an osmotic component, leading to cellular 
dehydration and disrupting internal balance (homeostasis) (Mahajan and 
Tuteja, 2005). Environmental stressors and their adverse impact on sustainable 
agriculture underscore the need for innovative approaches and enhanced 
product varieties. This is essential to prevent the deterioration of ecological 
balance and meet the growing food demand of the increasing world population 
(Goswami et al., 2016). 

For this reason, many researchers are suggesting important strategies to 
uphold agricultural production under stressful conditions. Approaches such as 
crop improvement through plant breeding, the development of transgenic 
plants, various chemical applications, and the use of plant growth regulators 
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have been employed to enhance both production quantity and stress tolerance 
(Kerchev et al., 2020). 

Biopriming is considered a significant ecological strategy utilized to 
boost the productivity of commonly grown varieties today and mitigate losses 
caused by stress. The utilization of microorganisms in the biopriming method 
has been described as a long-term and synergistic approach to address water 
scarcity in crop production (Jochum et al., 2019). The application of biopriming 
triggers various mechanisms that foster resistance to drought, encompassing the 
production of phytohormones, organic compounds, exopolysaccharides, ACC 
deaminase activity, and the regulation of osmolytes. Furthermore, the 
biopriming process provides the generation of antioxidants, activation of stress-
responsive genes, and the enhancement of root development. (Khan et al., 2020; 
Vurukonda et al., 2016). Exopolysaccharides produced by microorganisms are 
biodegradable, high molecular weight polysaccharides that bring soil molecules 
together, maintaining water balance. In this way, they enhance soil fertility and 
enable plants to survive various abiotic conditions such as drought, salinity, 
cold, and waterlogging. Bacteria that produce exopolysaccharides, like 
Agrobacterium, Xanthomonas, and Enterobacter, contribute to plant health by 
controlling soil-borne pathogens (Pawar et al., 2013; Mahmood et al., 2016; 
Sanalibaba and Çakmak, 2016). 

Plant growth-promoting microorganisms can reduce salt stress by 
increasing plant nutrient uptake or ensuring ion homeostasis, as well as by 
reducing oxidative stress through enhanced antioxidant activity, producing 
osmoprotectants, or improving photosynthesis (Pan et al., 2019). In recent 
studies, bacteria and fungi that stimulate plant growth and development have 
been used in many products to promote plant resistance to abiotic stress with 
the biopriming method (Forti et al., 2020). Microorganisms used for biopriming 
include Bacillus polymyxa, Pseudomonas fluorescens, Gliocladium and various 
Trichoderma harzianum species (Prasad et al., 2016). 

Under salinity stress, maize seeds treated with biopriming using 
Trichoderma citrinoviride demonstrated improved phenotypic properties, 
biochemical characteristics, photosynthetic pigment levels, and fluorescence 
parameters compared to control plants (Yesilyurt et al., 2018). Similarly, 
biopriming of corn seeds with Trichoderma atroviride has been reported to 
increase chlorophyll and carotenoid contents in maize seedlings (Durmuş et al., 
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2017). Biopriming wheat with Phanerochaete chrysosporium has been reported 
to markedly alleviate the impact of salt stress, stimulate plant growth, and 
elevate levels of photosynthetic pigments and osmolytes (Dief et al., 2021). 
Similarly, under salt stress conditions, seed biopriming was carried out in rice 
(Dutta et al., 2023), corn (Aydınoğlu et al., 2023), tomato (Sutariati et al., 
2023), wheat (Ahmadi et al., 2023), barley (Khan et al., 2023) and peas (Ghezal 
et al., 2016) to increase tolerance to salinity stress. 

    The use of plant growth-promoting rhizobacteria (PGPR) in 
biopriming makes a significant contribution to plant tolerance to salt stress. 
These rhizobacteria have been particularly emphasized  for their ability to 
enhance plant resistance by activating the plant's defense mechanism in 
response to salt stress (Ha-Tran, 2021). Plants are directly or indirectly affected 
by abiotic stress factors such as salinity, pH, temperature, water availability, 
metals, and heavy metals/(loid) ions, thus creating a negative impact on plant 
growth and productivity (Godoy et al., 2021). Different priming techniques, 
including biopriming, have the capacity to alleviate symptoms of heavy metal 
toxicity by modulating physiological, morphological, biochemical, and 
molecular mechanisms in plants (Taie et al., 2019; Li et al., 2021).  

In tolerating heavy metal stress, many PGPRs such as Bacillus, 
Pseudomonas, Methylobacterium and Streptomyces prevent heavy metal 
translocation to different parts of the plant (Khanna et al., 2019). Extracellular 
polymeric substances (EPS) containing numerous anion-binding sites, such as 
polysaccharides, lipopolysaccharide, glycoproteins, and soluble peptide, are 
released by such rhizospheric bacteria, which helps in the removal or recovery 
of heavy metals from the rhizosphere through biosorption (Silva et al., 2020). 
Seed biopriming using mycorrhiza and ectomycorrhiza not only protects the 
plant against heavy metal toxicity (Alguacil et al., 2011), but also provides 
growth promotion through secretion molecules and stimulation of changes in 
biochemical pathways in host plants (Tahara et al., 2005). Similarly, it supports 
the plant in dealing with heavy metal stress by stimulating the activities of 
antioxidant enzymes like catalase (CAT), superoxide dismutase (SOD), 
glutathione peroxidase (GPX), and osmoprotectants (Kumar et al., 2021; 
Kaushik et al.,2022). 

 Additionally, some microorganisms produce osmolytes, reduce carbon 
flux, produce biofilms to cover root nodules by secreting polysaccharides, and 
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help reduce heat stress in plants, improving the water retention ability of plant 
roots (Singh et al., 2019). 

When some microorganisms are used in biopriming to increase tolerance 
to cold stress, it has been reported that plants are resistant to cold stress due to 
their important properties such as uptake of nutrients, Fe chelating chemicals, 
indole acetic acid (IAA), ACC deaminase production and bioactive molecules 
(Bharti et al., 2016). In conditions of cold stress, plants accumulate substantial 
quantities of compatible solute compounds (Ahmad et al., 2013). These 
compounds remain unchanged at physiological pH and exhibit non-toxic 
characteristics even at elevated concentrations, thereby preserving osmotic 
pressure. Furthermore, they contribute to the stabilization of protein and 
membrane structures during stress conditions (Baba et al., 2021), a factor of 
significance in the cell's adaptation to diverse stressors. Proline, synthesized 
through the glutamate and ornithine pathways, stands out as a particularly 
crucial compound in this process, with its production experiencing a significant 
boost under cold stress conditions (Ashraf and Foolad, 2007). During cold 
stress, free radicals increase, toxic metabolites are produced, and the 
development of maize plants is inhibited as membrane properties change. 
Biopiming with Trichoderma spp. regulates or eliminates free radicals. These 
antioxidant enzymes, capable of averting the formation of harmful compounds, 
enhance both the growth and yield of maize under stressful conditions by 
elevating physiological parameters. Hence, the application of Trichoderma 
harzianum can aid in mitigating the adverse impacts of cold stress, concurrently 
enhancing the physiological, morphological, and yield parameters of maize 
(Afrouz et al., 2023). 

Out of all abiotic stresses, drought is notably one of the most crucial 
factors constraining crop production, and it is inevitable that this scenario will 
persist in the future (Passioura, 2007). Plants have evolved several mechanisms 
to establish resistance against drought stress. It is acknowledged that 
mycorrhizal fungi, crucial in regulating physiological activities, along with 
rhizobacteria and endophytic fungi promoting plant growth, contribute to 
enhancing plants' capacity to withstand abiotic stress (Ali et al.,2014; Hashem 
et al., 2016). In recent years, beneficial microorganisms have been providing 
benefits by developing resistance to drought and effectively increasing the 
plant's water use (Vurukonda et al., 2016). Drought is a problem that seriously 
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affects the production of rice and other grains around the world. One of the 
factors hindering rice cultivation and production is water scarcity during 
periods of low rainfall, which affects vegetative development and productivity 
(Tao et al., 2006). According to a study, the biopriming application of T. 
harzianum on rice seeds was found to enhance rice development, indicating a 
potential positive impact on rice production, especially in drought conditions, 
by improving drought tolerance (Sing et al., 2023). In another study, Bacillus 
pumilus (SH-9) could increase plant tolerance to drought and exhibit different 
plant growth-promoting properties such as phosphate solubilization, 
siderophore,  exopolysaccharide sucrose, and phytohormone (IAA and ABA) 
production. It has been stated that SH-9 plays an important role in seed 
biopriming, reducing stress and improving germination parameters and early 
seedling characteristics (Shaffique et al.,2023). It has been reported that 
biopriming with T. harzianum and Pseudomonas fluorescens increases the 
biochemical and morphological parameters of cumin under drought stress 
under greenhouse conditions (Piri et al., 2019). In recent studies, it has been 
reported that some Bacillus species play a role in reducing the effects of some 
abiotic stress factors such as heavy metals and salinity and improving plant 
growth (Kazerooni et al., 2021; Khan et al., 2021; Shah et al., 2021; 2020). 

 

CONCLUSION 

Biopriming is a seed treatment technique that involves the application of 
beneficial microorganisms, such as bacteria or fungi, to seeds before planting. 
This method has gained significance in modern agriculture due to its various 
advantages and positive impacts on plant growth, development, and biotic and 
abiotic stress tolerance.Various fungal or bacterial bioagents, whether acting as 
biofertilizers or biopesticides, may be useful as effective biopriming agents. 
The utility of seed biopriming extends to almost all types of cereals, pulses, 
vegetables, horticultural crops, and forest crops. In summary, biopriming has 
emerged as an important method in modern agriculture, providing sustainable 
solutions to enhance crop productivity, improve biotic and abiotic stress 
resilience, and contribute to the environmental and economic sustainability of 
farming practices. 
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INTRODUCTION 

Parsley (Petroselinum crispum Mill.) is a biennial aromatic plant 

belonging to the Apiaceae family. However, it is also a plant in the group of 

perennial plants because its roots can remain in the soil for many years. 

Although it is known that the homeland of parsley is Western Asia and South 

America, it is widely grown in Mediterranean countries. As in many 

Mediterranean countries, parsley cultivation is carried out for 12 months in our 

country due to its ecological diversity (Eşiyok, 2012). 
Plant parts such as stems, leaves and seeds of parsley, which are 

consumed raw in salads and meals in our country, are a prosperous source of 

phytochemicals, volatile and essential fatty acids and vitamins (Kaiser et al., 

2013; Meyer et al., 2006, Petropoulos et al., 2022). Thanks to these fatty acids 

and antioxidant capacity, it has essential contributions to treating diseases such 

as obesity and fatty liver and to healthy diet nutrition (Maodaa et al., 2016; 

Ertaş et al., 2021; Bayer, 2020). 
Nitrite and nitrate accumulation threaten human health due to the 

intensive use of chemical fertilizers to increase yield and quality during the 

cultivation of parsley, which is prominent in terms of health (Cemek et al., 

2007). It is reported that vegetables containing nitrite and nitrate may form 

carcinogenic compounds (Gajewska et al. 2009, Gruszecka and Baran 2017). 

For this reason, it is predicted that the health effects of parsley, a type of 

vegetable whose leaves are consumed, can increase exponentially with organic 

growing methods. In the last thirty years, microbial fertilizers have come to the 

fore in organic farming to reduce agricultural chemicals and increase the 

sustainability of production systems. Microbial fertilizers are fertilizers 

prepared from microorganisms that enable plants to continue their vital 

activities, such as growth and development in agricultural production and 

provide the plants with the nutrients they need. Microbial fertilizers are 

prepared from fungal or bacterial organisms, and natural fertilizers obtained 

from fungal isolates are called mycorrhiza. 

For this purpose, our study investigated the effects of commercially 

formulated Aspergillus Oryzae fertilizer obtained from fungal isolates suitable 

for organic farming as an alternative to chemical fertilization on the yield and 

quality of parsley plants grown with organic cultivation techniques. 
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MATERIAL AND METHOD 

The study was carried out between September and December 2022 in a 

greenhouse with a width of 6 m, a length of 20 m (120 m2), and a side height of 

3 m, located in the research and application land of the Faculty of Agriculture 

of Ondokuz Mayıs University. The study used seedlings of D'Giant Italiana 

parsley (Petroselinum crispum Mill.) variety as trial material. Planting areas 

have been prepared in the greenhouse where the experiment will occur. Soil 

samples were taken from different points at the beginning and end of the study. 

As a result of cultivation practices, some physical and chemical properties of 

the soil (pH, EC, organic matter, N, P and K), analyses of organic fertilizers 

(pH, EC, N, P and K) and parsley plants (dry weight, organic matter, N, P and 

K) analyzes determined according to Jones, (2001) and Kacar and İnal (2008) 
(Tables 1 and 2). 

The area planted in the greenhouse was prepared by dividing the tubes 

into plots with a width of 1 meter, a height of 30 cm and a length of 18 meters. 

Drip irrigation pipes with a dripper spacing of every 20 cm were placed on the 

prepared tubes, suitable for double-row planting. Then, the tubes were covered 

with black PE mulch (1.30 m wide, 0.03 mm thick) material to combat weeds 

and control the high relative humidity inside the greenhouse. In the research 

areas, both greenhouses recorded air temperature, soil temperature and 

humidity values with data loggers (KT100, Kimo, France). During the 

cultivation period, the average air temperature in the greenhouse was 

determined as 17.2 oC and the average soil temperature was 18.4 oC. The lowest 

and highest temperature values were determined between 12-25 oC. 

Ready seedlings of D'Giant Italiana parsley (Petroselinum crispum Mill.) 

variety were prepared and planted on mulch materials, with a distance of 15cm 

between rows and 25cm between rows. Parsley seedlings are planted in bunches 

and there are 8-10 sprouts in each seedling bunch. 

Microbial (2g/L) fertilizer belonging to Aspergillus Oryzae (Mılıcard, 
MCC075 pure culture) fungi were used in the research. The chemical 

compound fertilizer (15-15-15) used in the research was also applied at 9.6 

kg/da (N, P and K). The chemical fertilizer solution in each fertilization period 

was applied at approximately 1.3 ds/m EC. The first application of fertilization 

was made 10 days after planting. A total of 6 applications were made, the other 

applications being after harvest (shaping). 
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Additionally, a control application in which no fertilization was applied 

was tested. While creating the fertilization program, Ceylan et al. The criteria 

determined by (2005) were discussed. 

 

Measurements and Observations Made on Parsley Plants 

In the parsley grown, measurements were made on 9 plants from 

compound fertilizer application, biofertilizer and control applications after each 

cutting time.  

Plant Height (cm): To determine plant height, the part of the plants from 

the soil surface to the tip of the crown was measured and determined as an 

average. 

Number of Leaves (piece): The number of leaves was determined by 

counting the leaves attached to the main stem. 

Leaf area (cm2): Leaf area was measured with a digital planimeter 

(Placom Digital Planimeter, Sokkısha Planimeter Inc., Model KP-90). 

Leaf chlorophyll content (CCI): Determined using Chlorophyllmeter 

(CCM-200, Opti-Sciences, USA). 

Number of Branching: In determining the number of branching, it was 

calculated by counting the tillerings occurring in the plant bunches at the end 

of the study in each plant bunch. 

Yield: Total fresh weight was weighed and determined in grams (g), and 

the resulting product was converted into kilograms and determined as yield per 

decare. 

Leaf Color: Leaf color was determined by a colorimeter (Minolta, model 

CR–400, Tokyo, Japan) that determined leaf color in terms of CIE L*, a*, and 

b*. Chroma value = (a*2+b*2)1/2, and the hue angle value was determined 

with the formula hº= tan-1 x b*/a* (McGuire, 1992). 

Amount of water-soluble dry matter (WSS): After the leaves taken from 

10 plants in each repetition of each application were shredded with an electric 

mixer. The resulting juice was passed through cheesecloth. By taking enough 

leaf juice samples, readings were done on a digital refractometer (PAL-1, 

McCormick Fruit Tech. Yakima, USA) and the values were expressed as a 

percentage. 

Titratable acidity: To determine the TSS value, a 10 mL sample taken 

from the leaf juice sample was diluted with 10 mL of pure water and then 
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titrated with 0.1 N sodium hydroxide (NaOH) until it reached pH 8.1, and citric 

acid was used based on the amount of NaOH spent in the titration. Expressed 

in (g citric acid 100 mL-1). 

Vitamin C: 25 g sample from parsley leaves was chopped by adding 25 

ml oxalic acid (0.4%) with a blender and filtered through filter paper. The 

amount of vitamin C (L-ascorbic acid) in the samples taken from this filter was 

measured with 2,6-dichloroindophenol using the titrimetric method AOAC 

(1995) at a wavelength of 518 nm in a spectrophotometer and the results were 

given as mg vitamin C/100 g wet weight. 

 

Statistical analysis  

Experimental data were analyzed by the split-plot design with three 

replications with nine plants in each replication. Data were subjected to analysis 

of variance with SPSS (ver. 15.0, New York, USA). Means were compared 

with Duncan's multiple-range test (p < 0.05). 

 

Results and Discussion 

It was determined that the effects of different fertilizer applications 

(microbial and chemical) on the soil structure in the greenhouse were 

significant (p <0.05). According to the results obtained, the highest EC (0.96 

dS m-1), N (0.49%), P (306.0 ppm), K (1310.0 ppm) and organic matter (7.16%) 

contents were obtained at the end of the study in the soil samples to which the 

microorganism solution was applied (Table 1). When the soil samples taken at 

the beginning of the study and the soil samples taken after fertilizer applications 

were examined, it was observed that microorganism fertilization increased the 

amount of P (306.0 ppm), K (1310.0 ppm) in the soil compared to chemical and 

control applications. At the same time, there was no difference in the amount 

of N (0.49%). The %N content of the soil increased with the application of 

microorganisms. It is reported that under normal conditions, during the 

decomposition of organic substances by microorganisms in the soil, 

microorganisms need the mineral nitrogen in the soil and the amount of 

nitrogen initially decreases (Durmuş and Kızılkaya, 2018). It is thought that the 
difference in our study is due to the high amount of organic matter in our 

existing soil structure. 
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Table 1. Soil analysis results of the growing area 

 pH EC 

dS/m  

OM 

% 

N 

% 

 P 

(ppm) 

K  

(ppm) 

Beginning 6.93 0.96 a 7.16 a 0.49 a 148.4 c 530 d 

 

Control 6.98 0.87 ab 6.27 b 0.44 b 148.4 c 763 c 

Chemical 7.09 0.78 b 7.11 a 0.44 b 255.5 b 1043 b 

Microorganism 6.93 0.96 a* 7.16 a* 0.49 a* 306.0 a* 1310 a* 

*P<0.05 

 

The amount of nutritional content of parsley plants was determined due to 

the application of chemical fertilizer and biofertilizer applications to the soil 

(Table 2). According to the findings, the highest plant dry weight was obtained 

from chemical fertilizer application. Due to microorganism fertilization, it was 

determined that the highest amount of N (4.09%) was obtained from parsley 

plants. As a result of the study, no statistical difference was observed in the 

organic matter, P and K contents of parsley plants. When we looked at the soil 

samples taken after the trial in our study, it was determined that although 

microorganism fertilization increased the P content in the soil, the P content in 

plant analyses was the same as the control application, so the plant could not 

benefit from the available phosphorus in the soil. In his study, Tinker (1980) 

stated that root infection increases to a certain P level depending on plant 

genotypes. However, the amount of P added after this point reduces the 

mycorrhizal infection of the plant. Another researcher reported that in the onion 

trial, the mycorrhiza increased P uptake if the available P in the soil increased 

up to 120 ppm. After this limit, it had no effect (Stribley, 1987). In his study on 

lettuce plants in 2006, Ergin reported that the phosphorus uptake of the plant 

decreased at a dose of 100 ppm phosphorus. In our study, the fact that the 

phosphorus level in the plant analysis was the same as the control is thought to 

be due to the P amount in the soil being above the limit values. On the other 

hand, researchers have demonstrated that the adherence of mycorrhiza may 

differ depending on plant genotypes (Smith et al., 1990; Hetrick et al., 1995; 

Plenchette et al., 1983). 

It has been reported that mycorrhizal fungi, in addition to increasing root 

development in plants and providing plant nutrients and water uptake in the 
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soil, also increase the uptake of other nutrients such as nitrogen, calcium, 

copper, manganese, sulfur and zinc in addition to phosphorus (Ames et al., 

1983, Sieverding, 1991; Ortaş, 2002). In our study, the plant's N content 

increase due to microorganism application is similar to other studies. In parsley 

plants whose plant nutritional contents were examined, although the amount of 

potassium was found to be statistically insignificant, it was found to be higher 

in microorganism application than in chemical and control. Studies have 

reported that mycorrhizal applications increase the amount of K (Betlenfalvay 

1982; Marschanner and Dell 1994). Sönmez (2006) reported in his study that it 
increased the potassium content of mycorrhiza by 5%. Our study confirms the 

research in this respect. 

 

Tablo 2. Nutritional content analysis of parsley plants 

 Dry 

Weight% 

Organic 

matter % 

N 

% 

 P 

% 

K  

% 

Chemical 18.6 a* 80.2 3.13 b 0.46 a 7.6 ab 

Microorganism 17.8 b 82.2 4.09 a* 0.41 b 8.0 a 

Control 17.6 b 81.2 3.54 b 0.41 b 7.5 ab 

*P<0.05 

In our study, when plant height, number of leaves, leaf area, number of 

branches (pieces/bunch), chlorophyll, C, Hue, SSC, titratable acidity and 

vitamin C parameters were examined, it was determined that there were 

significant differences between fertilizer applications (Table 3). The highest 

plant height (23.2 cm), number of leaves (8.8), leaf area (244.6 cm2), titratable 

acidity (0.67%) and vitamin C (43 mg 100g-1) were obtained from compound 

fertilizer application. The highest branching number (25.7) and H (134.4) 

values were obtained from microorganism application. The highest C (18.7) 

value was obtained in the control application. It is thought that compound 

fertilizers affect the plant height, number of leaves and leaf area of parsley 

plants because they contain more than one plant nutritional element and have a 

high nitrogen content. In their study, Yağmur et al., 2021 applied nitrogen, 
magnesium and iron to parsley plants and found that increasing doses of 

nitrogen fertilizer increased the vitamin C content. In their study, Saraçoğlu 
(1997) applied different doses of nitrogen and potassium in soilless cucumber 

cultivation and found that the total amount of water-soluble dry matter and 
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titratable acidity parameters increased in parallel with the increase in nitrogen 

dose. Our study determined that parameters such as vitamin C, amount of 

water-soluble dry matter and titratable acidity were higher in the compound 

fertilizer application than in the mycorrhiza and control group. 

 

Tablo 3. Effect of Compound Fertilizer and microbial fertilizer application on parsley 

quality criteria 

 Chemical Microorganism  Control 

Plant height 23.2 a* 23.0 a 21.8 b 

Leaf area 244.60 a* 172.8 b 145.6 b 

Number of branches (pieces/bundle) 23.4 ab 25.7 a* 22.6 b 

Yaprak klorofil içeriği 16.70 16.84 15.73 

C 16.0 b 18.6 a 18.7 a* 

H 125.0 b 134.4 a* 129.4 ab 

SSC (%) 2.8 a* 1.6 b 2.7 a 

Titratable acidity (%) 0.67 a* 0.48 b 0.54 ab 

Vitamin C (mg 100g-1) 43 a* 15 c 38 b 
*: p < 0.05.  **: p < 0.01. 

Statistically significant results were obtained for the fresh vegetative 

yield values of the D'Giant Italiana parsley variety grown under greenhouse 

conditions using biofertilizer and chemical fertilizer applications (Table 4). In 

the study where six different form periods were examined, it was determined 

that there were significant differences between the form periods. Considering 

the total yield values, it was determined that the highest yield was obtained 

from the compound fertilizer application (8.485 kg/da). It was determined that 

parsley plants with microorganism fertilization had the second highest yield, 

with a total yield of 8.395 kg/da. 

Tablo 4. Yield values per decare (kg/da) according to mowing times and fertilizer 

applications 

Reap Chemical Microorganism Control 

1. Reap 740 b 807 a* 610 b 

2. Reap 987 1135 1024 

3. Reap 1286 a* 1044 b 970 b 

4. Reap 1197 b 1377 a* 792 c 

5. Reap 1602 a* 1071 b 675 c 

6. Reap 2673 b 2961 a* 1170 c 

Average 1414 a * 1399 a 874 b 

Total yield 8485 a** 8395 a 5241 b 
*: p < 0.05. **: p < 0.01.   
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In their study, Ceylan et al., 2005 conducted 7 harvests to examine the 

effects of different nitrogen doses (0, 10, 20 and 30 kg da-1) on the yield and 

some quality criteria of the parsley plant. They reported high yield values 

obtained at 10 kg/da N. doses. In our study, chemical fertilization with similar 

N content was applied and high efficiency was obtained. It has been determined 

that the total yield value in mycorrhizal applications is very close to chemical 

fertilization. As a result, when parsley plant growth and quality parameters are 

examined, it is thought that microorganism application can be an alternative to 

chemical fertilizer application. 

CONCLUSION 

As a result of the results obtained in our study, it was revealed that 

parsley plants can be grown by using mycorrhiza. The fact that the use of 

unconscious chemical fertilization, especially in parsley, which is an edible 

species, has a direct impact on human health increases the importance of 

fertilization in parsley cultivation. When the yield values of mycorrhiza 

application in parsley were examined in our study, the total yield in the 

chemical fertilizer application was found to be 8.495 g. In comparison, the total 

yield in the mycorrhiza application was 8.395 g. In addition to yield values, it 

is thought that mycorrhizal fertilization can be an alternative to chemical 

fertilization regarding plant quality parameters. It is known that the mycorrhiza 

used in parsley cultivation affects the plant differently depending on the 

genotype. For this reason, it is thought that different mycorrhiza types should 

be tested on different parsley varieties in future studies. 
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INTRODUCTION 

As a cornerstone of developing economies, agriculture has undertaken 

the crucial responsibility of ensuring food security for a healthy and prosperous 

life. The global agricultural area remained relatively stable from 2000 to 2020. 

Agricultural land encompasses 33% of the world's total land, with the 

remaining 67% comprising permanent meadows and pastures. Over the same 

period, global pesticide usage witnessed an annual increase of 1.3%. In 2020, 

America accounted for 51% of the total consumption, Asia 25%, Europe 18%, 

Africa 4%, and Oceania 3%. The rapid population growth is contributing to an 

escalation in food demand. The rise in food supply has given rise to concerns 

about food safety, and the global apprehension regarding the availability of 

food from the field to the table is substantial today. The American region is 

notable for its high chemical pesticide use per cultivated area, with intense use 

of chemical pesticides and fertilizers to increase agricultural production 

efficiency in the region. Agriculture is facing a lot of problems, including 

unpredictable climate change, soil contamination with pesticides and fertilizers, 

and a growing demand for food from a growing world population (Pouratashi 

and Iravani, 2012). The latest projections from the United Nations indicate that 

the global population is expected to reach 9.7 billion by the year 2050. It is 

further forecasted to peak at 10.4 billion in the 2080s and maintain that level 

through the year 2100. (https://www.un.org/development/desa/pd/). In 

agriculture, the necessity of using pesticides has arisen to sustain high yields 

and profitability. This scenario has ensured the ongoing production of crops 

across the various stages of agricultural revolutions throughout history, 

enabling the generation of sufficient crops to meet the needs of the expanding 

global population. It has also prompted numerous studies aimed at achieving 

higher yields. The research conducted to enhance efficiency in agriculture has 

yielded certain adverse effects. Despite the opening up of new agricultural 

areas, the negative impacts on the agroecosystem, such as decreased 

biodiversity and reduced productivity due to frequent ploughing, intensive 

fertilization, and pesticide use, have had detrimental effects on both the 

products and the environment. Therefore, to achieve healthy food and 

sustainable agricultural production, plant protection measures are becoming 

more and more important every day and it is necessary to effectively control 

the factors that cause the greatest economic loss in plant production in the short 

https://www.un.org/development/desa/pd/
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term. Biological control, a rapidly growing component in recent years, has 

emerged as a cornerstone of integrated pest management. It stands out as the 

most promising, sustainable, environmentally friendly, and highly effective 

among various control methods. Within this discussion, the biotic factors 

integral to biological weed control and outline the advantages associated with 

employing this method. 

 

General problems with pesticides 

Agricultural methods have led to the excessive use of pesticides and 

water resources in an attempt to generate more food from limited cultivable 

land, addressing the increasing demand of the global population. To satisfy the 

growing need for food, fertilizers, and pesticides are widely employed to 

enhance yields, with the American region ranking as the foremost user of 

agricultural pesticides worldwide. Global pesticide usage stood at 2 million 

tons in 2000, experiencing an approximately 30% increase over the next two 

decades. This growth equates to a compound annual rate of 1.3%, reaching 2.6 

million tons by 2020. In the same year, the American region registered the 

highest rate of chemical pesticide application, amounting to 3.7 kg per hectare 

of cultivated area. Extensive research on the detrimental effects of pesticides 

on the environment has been conducted since the mid-20th century. Globally, 

efforts to address environmental issues associated with agriculture have 

emphasized the development of sustainable agricultural systems focused on 

safeguarding human health and natural resources. Worldwide, approaches to 

agricultural environmental problems have focused on sustainable agricultural 

systems that protect human health and natural resources. Agriculture stands as 

the largest and most vital industry, providing food for the world's population, 

which currently stands at roughly 8 billion people. In the present day, millions 

of individuals experience malnutrition and chronic hunger, even as substantial 

quantities of food are squandered on a daily basis. The initial stride toward 

guaranteeing the sustainability of the global food system and upholding food 

security involves evaluating agricultural practices (Struik and Kuyper, 2017). 

To attain sustainable agricultural production and conserve production 

resources, employing effective and suitable control methods is imperative. 

 

 



111 PLANT MICROBE INTERACTIONS 

 

The weed problem 

It is known that agricultural production can be limited by a range of 

living and non-living factors. Weeds are one such factor that can contribute to 

decreased productivity (Chisaka, 1977; Stokstad and Grullon, 2013; Majrashi, 

2022). Crop yield is greatly impacted by weeds and controlling them is an 

important challenge for the agriculture industry (Stokstad and Grullon, 2013). 

The main reason for the significant losses in crop quality and quantity, even 

with modern agricultural practices, is weed species- one of the most important 

biotic limiting factors in agriculture. About 200 of the 250,000 known species 

of flowering plants are regarded as important weeds with a considerable 

influence on agriculture (Holm et al., 1997). Worldwide, an estimated 1,800 

weed species are responsible for a 31.5% reduction in crop production, which 

amounts to an annual economic loss of USD 32 billion (Kubiak et al., 2022). 

Weed-crop competition is the main factor limiting sustainable crop production 

(Avery, 1997). Regarding limited resources like light, water, nutrients in the 

soil, and space, weeds can compete successfully with crops. Weeds compete 

with crops for water, nutrients, and sunlight, preventing them from growing and 

causing significant losses in crop yield (Ali et al., 2013; Wood et al., 2015; 

Guglielmini et al., 2017). Crop competitive ability is influenced by genotype, 

crop management, and the environment. Because of characteristics like deep 

root systems, tolerance to cold and drought, great competitive abilities, and high 

nutrient usage efficiency, they can reproduce more quickly than cultivated 

plants. In addition, weeds can release allelopathic compounds into the soil that 

promote the growth of pests and plant diseases. Because of these characteristics, 

they can compete with crops, often resulting in lower agricultural yields and 

higher cultivation inputs (Trognitz et al., 2016). Weeds are commonly 

considered a significant barrier to the production of most crops and are 

estimated to cause losses of around 43% worldwide (Oerke, 2006; Neve et al., 

2018).  

Weeds are plants in agroecosystems that are well adapted to their 

environment and have been directly related to crop yield since the beginning of 

agriculture. Weeds are recognized as competitive, harmful, and destructive 

factors in croplands, causing significant losses in forestry, aquaculture, and 

agriculture due to their viability and adaptability (Chauhan et al., 2017; Ramesh 

et al., 2017). The ecological role of weeds can be viewed from various 
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perspectives. On the one hand, weeds are perceived as pests that cause yield 

losses in the crop due to their competition with the crop plant (Monaco et al., 

2002; Pimentel, 2005; Fontanelli et al., 2015), on the other hand, weeds are also 

expressed as one of the valuable agricultural ecosystem components that 

provide ecosystem functions and services that can support production to a 

certain extent, for example by protecting pollinators (Bretagnolle and Gaba, 

2015). Weeds serve as a source of food and habitat for rodents, insects, and 

birds, as well as reduce soil erosion.  

Weed management is the most widely used technique of plant protection 

in developed countries, both in terms of quantity and cost. Weed control 

methods include cultural, physical, mechanical, biological, and chemical 

methods. However, chemical control is often preferred due to its ease of 

application and ability to produce results in a short period. Herbicides, which 

are used to control weeds chemically, are one of the world's most widely used 

crop protection products. Concerns about herbicide resistance, the 

environmental and health threats of herbicides, and the decline of agricultural 

biodiversity necessitate the consideration of alternative methods for current 

weed management strategies that rely solely or primarily on herbicide use 

(Foley et al., 2011; Storkey and Neve, 2018; Adeux et al., 2019). However, an 

overreliance on herbicides with similar modes of action has led to the 

emergence of herbicide-resistant weeds. Currently, there are over 500 

documented cases of herbicide-resistant weeds worldwide (Heap, 2019). 

The weed flora of arable regions in Europe has undergone significant 

changes in recent years. Previously insignificant some weeds have become in 

the region's important species (Baessler and Klotz, 2006). As soon as weed 

control needs to adapt to these changing conditions in arable ecosystems and 

agronomy. Currently, there are many alternatives to controlling weeds. 

Biological weed control is an alternative that can be used. 

 

Biological Control  

For future agroecosystems, technologies based on ecological principles 

that restore ecosystem services are essential (Tilman et al., 2002). Biological 

control, which has rapidly increased in importance in recent years and has 

become the most important part of integrated management, is one of the most 

promising, most sustainable, environmentally friendly, and at the same time 
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one of the most effective and applicable control methods for the protection of 

natural balance. It offers an alternative to relying mainly on pesticides 

increasing yields, which is related to damage to the environment, and risks to 

human health, and efficiency (Czaja et al., 2015).  

Biological control is an environmentally responsible method of 

managing weeds. It provides innovative weed control strategies as some weeds 

have developed resistance to certain herbicides. Biological control agents target 

specific weeds. Biological control is the intentional use of a weed's natural 

enemies, such as insects, mites, bacteria, and fungi, to reduce its population. 

These control agents inhibit the growth, reproduction, and spread of the weed 

by feeding on it or inducing diseases in it. 

Biocontrol of weeds has a long history and a success rate (Julien, 1992). 

Weed management by biological means has a long and effective history. In 

India, it was the first purposeful insect attempt to control a weed in 1836, and 

Hawaii had the first devoted weed management program in 1902.  Lantana 

camara, a shrub-like cactus species, was introduced to the Hawaiian Islands in 

1860 and spread throughout the region by birds until 1900. In 1902, natural 

enemies of this weed, the larvae of Crocidosemma lantana and Agromyza 

lantanae, were reared and released into nature, resulting in the eradication of 

the weed in a short time. Similar biological programs against Lantana camara 

were carried out in other regions, achieving partial success. The initial 

worldwide documentation of classical biological control of weeds was 

generated in the early 1980s (Julien 1982). Schwarzländer (2018) stated that 
different agents have been delivered to control weed species in various 

countries. In Australia, around 202 agents have been released to control 56 

weed species; in Canada, 85 agents to 30 weed species; in New Zealand, 53 

agents for 23 weed species; in South Africa, 103 agents for 51 weed species; 

and in the USA, 199 agents 74 weed species. Over 200 weed species have been 

targeted for biological control, and over 500 biological control agents have been 

intentionally released (Day and Witt, 2019). In at least one country and region, 

65.7% of the target weeds for biological control have been controlled or at least 

to some extent (Schwarzländer et al., 2018).  

Weed biocontrol is divided into two approaches: classical (inoculative or 

importation) and bioherbicidal (inundative or augmentative). The classical 

approach is the most commonly used method for managing problematic weeds 



PLANT MICROBE INTERACTIONS | 114 

 

in a specific region. This involves intentionally introducing specialist natural 

enemies from the weed's native range. It is important to note that this approach 

should be employed with caution and only after a thorough risk assessment. 

Classical biocontrol relies on introducing host-specific fungi and insects 

adapted to the weed for long-term control and establishment (Schwarzländer et 

al., 2018). Introducing a virus, herbivore, or predator to suppress the target pest 

is known as classical control. The environment must be conducive to the 

biocontrol agent's survival and population establishment for classical 

biocontrol to be successful (Harding and Raizada, 2015). The classical 

approach involves introducing organisms unique to the weed's natural habitat, 

such as pathogens, nematodes, and insects, into areas where the weed has 

become a major issue. This method aims to control the weed population by 

utilizing its natural enemies (Kremer, 2005). Classical biological management 

involves introducing a natural predator or pathogen of a pest species, aiming 

for its establishment in the environment to consistently reduce the population 

of the pest species across an entire ecosystem (Shaw et al., 2009). Classical 

biocontrol agents, when introduced, can cause significant damage to weeds, 

resulting in reductions in biomass, reproduction, and population density. This 

approach is widely regarded as the most cost-effective method for managing 

invasive weeds across various land uses (Morin, 2020).  

The bioherbicide strategy, also known as inundative biological control, 

involves applying propagation materials such as bacterial suspensions or fungal 

spores in concentrations that are not typically found in nature. The goal is to 

eradicate the pest species within a controlled area (Johnson, 1996). To manage 

weeds, inundative biocontrol uses native fungi and insects that are produced in 

large quantities and then released (Den Breeyen et al., 2022). To achieve weed 

control in the year of release, the inundative technique aims to suppress a weed 

infestation with large quantities of a biotic agent. Timing the release of the 

agent to match the weed's sensitivity and formulating it to quickly target the 

weed host are crucial components of inundation control. The technique of 

bioherbicide, which applies weed pathogens in a similar way to herbicide 

treatments, is a development of the inundative strategy. As the inundative 

biological control technique can be applied in a similar way to herbicides, using 

inoculum in the form of liquid sprays or solid granules, it is more appropriate 
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for crop management (Auld et al., 2003; Kremer, 2005; Harding and Raizada, 

2015). 

The effectiveness of biological control hinges on the ability of each agent 

to constrain the targeted plant, the ecological factors influencing the agent's 

reproduction and spread in a new environment, and the ecological dynamics of 

the weed determining whether the agent can significantly reduce its population. 

It is crucial to emphasize that the success of biological control is contingent 

upon meeting all three conditions (Cullen, 1995). The efficacy of biological 

control doesn't always result in the complete elimination of target weeds, as 

agents often require some surviving predator plants to fulfill their life cycle. A 

successful biological control strategy diminishes the potency and population of 

the target weed. As part of an integrated weed management plan, it is typically 

employed in concert with other control techniques. The selection of suitable 

agents has mostly been based on weed population biology, agent impact studies 

on the plant, and the integrated effect of herbivory and plant competitors 

(Gassmann, 1996). The kind of weed, its life cycle, the ecological, abiotic, and 

management setting in which the weed is located, and the suitable goals and 

effect thresholds required of a biological control program all have a significant 

impact on agent selection (Palmer et al., 2010).  

 

Biological control of weeds by biotic factors 

Biological control is considered the most sustainable method of weed 

management compared to other methods. Herbivores, natural products, plant 

diseases, and higher plants are typical biocontrol agents for weeds. Plant 

pathogens' biological control of weeds has acquired recognition as an effective, 

safe, and ecologically friendly weed management strategy for agroecosystems 

(Charudatta, 2001). The establishment, efficacy, and safety of agents are 

essential components of a successful weed biocontrol program (Morin, 2020). 

Plant diseases have been utilized in weed management since the 1960s, with 

some of the first efforts being the control of Rumex and Rubus spp. weed 

species in the United States and Chile respectively (Oehrens, 1977).  

In the ecosystem, plants, pathogens, and antagonists interact. Weed 

invasion or successful weed management might result from an imbalance in 

this relationship (Den Breeyen, 2022). The target weed was consistently 

affected by over 20% of fungal infections released as biocontrol agents with a 
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"heavy impact," and by another 60% with a medium or variable impact 

(Schwarzländer et al., 2018). Pathogens employed in biological control must 

have particular features such as abundance, specificity, efficacy, dissemination, 

and non-harm to people and animals to be successful. 

Predictions of the effect prospective disease agents may have on the 

target weed in the new environment and data acquired early in a biocontrol 

program are used to determine which candidates host-specificity testing to 

evaluate any dangers they may represent (Sheppard, 2003). Compared to other 

types of pathogens, foliar fungi are typically more specific and easily spread by 

wind or rain splash. This is why they have been preferred in traditional 

biocontrol. 

Bio-agents must be able to exist on or in a single species of host and 

cannot infect or grow on other plants. As a result, it must be host-specific. 

Bioagents have to throw-away from their predators and parasites. They should 

also be able to withstand extended or brief lack of food if the weed species for 

which they are designed are few. When faced with food scarcity, they must die 

rather than feed on other hosts. The feeding habit of the biological agent is also 

an important factor in weed suppression. The proliferation of bioagents should 

occur naturally, rapidly, and simply (Telkar et al., 2015). 

Specific and nonspecific agents are categories of classical bioagent 

types. The first invade one or two specific weed species, while the second can 

attack different weeds. Specific agents: these are biological control agents that 

target a narrow range of host species, often specializing in one or two closely 

related species. They are highly adapted to a particular host and may not be 

effective against other, unrelated species. Nonspecific agents are biological 

control agents that can target a broad range of host species. They are not as host 

specific as specialist agents and may attack or parasitize a variety of different 

species. Non-specific bio agents could be fish species, snails, and mites. 

There are several advantages of using microbial agents in agriculture, 

specifically plant pathogens. Microbial agents may be susceptible to various 

chemical agents, fungicides, insecticides, herbicides, and mineral liquid 

fertilizers. This susceptibility can be advantageous for integrated pest 

management strategies. Microorganisms are diverse and abundant in nature. 

This diversity can be harnessed for various agricultural applications, providing 

a range of options for pest or weed control. Microbial agents can exhibit 



117 PLANT MICROBE INTERACTIONS 

 

specificity, meaning they may target particular pests, pathogens, or weeds 

without affecting non-target organisms. This specificity is advantageous for 

minimizing environmental impact. Microbial agents can be effective in 

controlling pests or pathogens. Their ability to colonize and interact with their 

target organisms can lead to successful biological control. Microbial 

populations can adapt and evolve over time. Microorganisms can be persistent 

and difficult to eradicate. This characteristic can contribute to the long-term 

stability of biological control strategies. Microbial agents may spread naturally, 

and their populations can self-regulate in response to changes in the 

environment or the density of their target organisms. This can lead to 

sustainable and self-sustaining control measures. Many microbial agents used 

in agriculture are harmless to humans and animals. This is important for 

ensuring the safety of both agricultural workers and consumers. 

 

Fungi 

Fungal pathogens are the most prominent microbial biotic agents in 

biocontrol studies (Hanlin 1982). These fungi can act as natural enemies of 

various pests, including insects, weeds, and plant pathogens. Fungal pathogens 

have a certain degree of host specificity, which enables targeted control of 

specific pest species without affecting non-target organisms. Fungi have a 

diverse group of species that can be used for biocontrol. Different fungal strains 

may target specific pests or pathogens. Fungal biocontrol agents are frequently 

regarded as environmentally friendly and compatible with sustainable 

agricultural practices. They can be incorporated into integrated pest 

management (IPM) strategies that reduce dependence on chemical pesticides. 

Suitable fungal pathogens are defined by their spores' ease of germination, 

dissemination, and successful overwintering strategies. Fungal pathogens with 

spores that can germinate rapidly are often preferred due to their ability to 

initiate infection promptly upon encountering their target host.  Effective 

biocontrol depends on the fungal pathogen's capacity to locate and infect the 

target organisms. Fungal pathogens that can tolerate environmental stresses, 

such as extreme temperatures or desiccation, are more likely to persist until 

favorable conditions for infection arise. 

The majority of weed-fungi interactions are due to diseases that cause 

aerial symptoms, however, these can include a soil-borne phase during their life 
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cycle. Pathogenic agents penetrate plant tissues via stomata, specific host cells, 

mechanical damage sites, or when other organisms break the barrier of 

the epidermis. Pathogens, such as fungi, can enter plant tissues through 

stomatal openings. Once inside, they can infect and spread within the plant. 

Some pathogens have specific mechanisms for entering plant cells through 

interactions with specialized host cells. These interactions may involve 

recognition and manipulation of host cell structures for successful entry and 

infection. Plants may sustain mechanical injuries from a variety of sources, 

including herbivores, environmental factors, or human activities. Pathogens can 

exploit these vulnerable sites to enter plant tissues. Injured areas can provide a 

direct pathway for pathogens to access internal plant structures. Other 

organisms, such as insects or nematodes, may create wounds or openings in the 

plant's protective outer layer (cuticle and epidermis), which can then be 

exploited by pathogens to initiate infection.  

Leaf staining, leaf crimp, and early leaf drop are all symptoms, as are 

cankers caused by various fungi (Runion et al., 2014). Weeds can be targeted 

by soil-borne disease fungi during seedlings' emergence and germination 

(Lamichhane et al. 2017). Several soil-borne fungi have the potential to cause 

diseases in germinating seeds and emerging seedlings. These fungi may infect 

seeds, roots, or other below-ground plant parts, leading to various symptoms 

and, in some cases, seedling death. The impact of soil-borne pathogens on weed 

seedlings can have implications for weed population dynamics and overall plant 

community composition. Damping-off attacks are caused by fungi, such as 

Rhizoctonia solani and Fusarium spp., are plant pathogens with a wide host 

spectrum that can include both weeds and crops (Ray and Vijayachandran 

2013). Throughout the plant cycle, soil-borne fungal and oomycetes pathogens 

can attack the root systems of weeds.   

 

Bacteria 

Bacteria are excellent biocontrol possibilities in agriculture and other 

sectors. Bacteria often have fast growth rates in liquid culture, allowing for 

efficient and cost-effective mass production. This is advantageous for 

producing large quantities of biocontrol agents for widespread application. 

Bacterial biocontrol agents can be stabilized in various forms, such as frozen or 

dried formulations. This enhances their shelf life and facilitates storage, 



119 PLANT MICROBE INTERACTIONS 

 

transportation, and application, providing flexibility and convenience for end-

users. Bacteria are amenable to genetic modifications, including the selection 

of mutants with specific traits. This allows researchers to tailor biocontrol 

agents to enhance their effectiveness against target pests or pathogens. Bacteria 

are highly manipulable genetically, allowing scientists to introduce beneficial 

traits or modify existing ones. Genetic manipulation can enhance the biocontrol 

efficacy, environmental adaptability, and overall performance of bacterial 

biocontrol agents. Bacterial biocontrol agents can be applied through various 

methods, including spraying, soil drenching, seed coating, and incorporation 

into irrigation systems. This versatility in application methods increases their 

practicality for different agricultural systems. Bacteria have significant 

biocontrol potential, also the success of biocontrol strategies depends on a 

thorough understanding of the target organisms, the ecosystem, and the 

interactions between biocontrol agents and their environments. 

The stability of active extracts from rhizobacterial isolates suggests that 

these extracts have the potential for use in field weed control (Kremer and 

Souissi 2001). The stability of active extracts from rhizobacterial isolates is a 

positive attribute that enhances the potential for these extracts to be used 

effectively in field weed control. It addresses practical considerations such as 

storage, formulation, and consistent performance, making them more viable 

options for sustainable and integrated weed management strategies. 

Deleterious rhizobacteria (DRB), a group of microorganisms often 

disregarded as biological weed control agents, consist of nonparasitic bacteria 

(exopathogens) that inhabit plant root surfaces and have the capacity to hinder 

plant growth. The application of DRB for practical weed management employs 

an inundative strategy, aiming to introduce high bacterial numbers into the 

spermosphere and/or rhizosphere, leading to a swift onset of growth-inhibitory 

effects. This strategy mirrors the mycoherbicide approach to weed control, 

where agents selected for their effectiveness against specific weeds are cultured 

extensively in artificial media. Inocula generated from this cultivation process 

is then utilized for field applications during the growing season, preventing 

economic crop losses by effectively managing weed populations (Kremer and 

Kennedy 1996). 

Rhizobacteria exert phytotoxic effects by producing substances that are 

absorbed by plants, leading to growth inhibition, reduced vigor, diminished 
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reproductive potential, and an overall negative impact of weeds on crops. The 

process and substances involved in this weed suppression mechanism closely 

resemble plant allelopathy. Therefore, the group of rhizobacteria responsible 

for these activities is denoted as allelopathic bacteria (Abbas et al., 2018). The 

distinctive features of allelopathic bacteria present extensive opportunities for 

the advancement of effective biological weed control. These characteristics 

include extended survival in the rhizosphere, the release of secondary 

metabolites into the rhizosphere, and host specificity achieved through varying 

toxicity levels, substrate availability, and a diverse range of mechanisms or 

compounds produced by allelopathic bacteria (Zeller et al., 2007). The unique 

characteristics and mechanisms of allelopathic bacteria present possibilities for 

developing creative, sustainable, and eco-friendly techniques in biological 

weed control (Abbas et al., 2020). 

 

Viruses 

In certain instances, viruses targeting weed species have been explored 

as potential bioherbicides. This approach is typically contemplated for 

controlling invasive species within larger ecosystems rather than in narrowly 

managed areas. Viruses are often deemed unsuitable for inundative biological 

control due to their genetic variability and a lack of host specificity (Kazinczi 

et al., 2006). 

 

Herbivore  

Biological weed control through monophagous or oligophagous 

herbivores provides the chance to achieve self-sustaining, targeted weed 

management without ongoing costs or detrimental environmental effects 

(Gordon 1999). A major premise of weed biological control is that specialist 

herbivores released as biological control agents into the introduced range of 

their host plants are freed from suppression by specialist predators and parasites 

prevalent in their native range. The classical approach to biological weed 

control involves employing specialized natural enemies of the target plants to 

diminish their population dynamics to an economically acceptable level 

selectively. An essential initial phase in this method involves compiling 

inventories of natural enemies linked to the target weed in its native range. The 

specificity of a candidate biological control agent (BCA) is then thoroughly 
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investigated to minimize adverse effects on non-target plants (Hinz et al., 

2019). Examining insect attributes and fitness traits, and understanding the 

impact of plant resources on insect performance are steps toward enhancing the 

success rate of biological weed control. 

 

CONCLUSIONS 

Weeds are plant species that grow in cultivated crops, leading to reduced 

crop production during the cultivation period. The use of herbicides is 

widespread for weed control. The excessive and frequently incorrect 

application of herbicides has led to numerous significant adverse consequences, 

such as soil and groundwater contamination, the development of weed 

tolerance to these compounds, and harm to non-target organisms. While 

herbicides offer economic benefits, there is a growing concern about their 

adverse impact on the environment. Biological methods for weed management 

serve as an alternative to chemical control, addressing the environmental and 

health risks associated with herbicide use. The discontinuation of numerous 

environmentally harmful pesticides from diverse markets has underscored the 

necessity for new weed control methods (Charudattan, 2001). Biological weed 

control techniques can meet this demand. 

The efficacy of biological control methods hinges on a comprehensive 

understanding of natural resources, ecosystems, and the environment. 

Recognizing the significance of preserving these elements is crucial for the 

adoption of sustainable agricultural practices. Although ecological advantages 

may result from biological control, the adoption and success of sustainable 

farming practices are significantly influenced by economic factors, market 

dynamics, and incentives. Utilizing plant pathogens as biological control agents 

holds promise in weed management. This approach stands as an 

environmentally friendly alternative to chemical methods, contributing to the 

principles of sustainable agriculture. The journey of studying, developing, 

introducing, and commercializing biological control agents is frequently a long-

term undertaking. As ecological methods, herbicides, and precision agriculture 

advance, there is a necessity to formulate forward-looking approaches that go 

beyond sole reliance on chemical control. Biocontrol is acknowledged as a tool 

that is poised to maintain a significant role in weed management for the 

foreseeable future. 
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INTRODUCTION 

In the twenty-first century, the world faces two major threats: climate 

change and global food security (Choudhury et al., 2017; Amna et al., 2021). 

The world population is increasing at a rate that threatens the current capacity 

of agricultural production, and significant improvements in agricultural 

production are required to meet the demands of this increase. Agricultural 

production needs to be increased to fulfill the nutritional demands of the 

expanding population, as malnutrition remains one of the major global 

challenges. By 2050, there will be projected 9.7 billion people on the world 

populations, and by 2080, there will be 10.4 billion (Anonymous, 2023).  This 

increases the amount of crops needed to meet the nutritional demand of the 

population and even reduces the available agricultural land as a result of 

increased demand for housing areas (Watts et al., 2023). 

It is estimated that the agricultural sector constitutes approximately 36 

per cent of the world population as a source of food and income (Choudhury et 

al., 2017). Since the effect of climate change on agricultural production depends 

on temperature, precipitation, atmospheric CO2 and many similar factors, 

adverse effects on these factors cause a decrease in the amount of production 

(Vaishnav et al., 2019). 

Therefore, in order to cope with increasing food demands, many studies 

have been carried out in order to increase the production decreasing due to 

environmental stress factors. Abiotic stress factors such as salinity, drought, 

cold, heat, excess water, radiation, various chemicals, oxidative stress, wind 

and nutrient deficiency in soil negatively affect plant health, production and 

yield in agricultural production. Salt stress is the most dangerous abiotic stress 

in arid and semi-arid regions and has a negative effect on plant growth and 

yield. Due to soil salinity, agricultural areas decrease by 1-2% every year, the 

amount of production decreases, and it has negative effects both ecologically 

and socio-economically (Choudhary et al., 2022). 

According to FAO, more than 6% of the world's soils are affected by 

salinity (Parihar et al., 2015) and more than 20% of agricultural land faces 

salinity problems (Zhu, 2000). By 2050, it has been reported that about 50 per 

cent of agriculturally important land will be exposed to salt stress (Munns and 

Tester, 2008). Plants experience a multitude of environmental stresses, and 

among these, salinity is particularly deleterious, causing detrimental effects on 
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agricultural production. Hence, salt stress is currently gaining attention as a 

crucial factor negatively influencing agricultural production and yield (Parihar 

et al., 2015). 

It significantly affects fertile soils and therefore poses a serious problem 

in terms of both agriculture and economy (Numan et al., 2018). Soil salinity in 

recent years is one of the important soil destructions that seriously threatens the 

ecosystem. Therefore, crop production is recognized as one of the most 

important global problems in terms of food security and sustainable agriculture 

(Pistelli et al., 2023).  A variety of alternative strategies, including traditional 

and genetic studies, have been used to improve plant growth and development 

and yield under conditions such as salinity and drought stress (Al-Zaban et al., 

2022). Moreover, developing innovative strategies for the management and 

rehabilitation of salinity-affected soils is an ongoing challenge for researchers. 

Nonetheless, harnessing the power of beneficial microorganisms to boost both 

plant growth and stress resilience stands out as a highly promising strategy. The 

interplay between plants and various microbial species within the rhizosphere 

and phyllosphere induces changes in essential biological activities, coupled 

with the establishment of defense mechanisms to counteract diverse abiotic and 

biotic stresses (Oukala et al., 2021). Many physiological, biochemical and 

genetic properties of plants are adversely affected by stress conditions (Kumar 

and Verma, 2018; Fouda et al., 2019). The deterious effects of salinity on plant 

growth in saline soils encompass osmotic stress, ion toxicity, oxidative stress, 

and ethylene formation. Additionally, salinity disrupts microbiological 

processes, alters soil biological properties, and induces shifts in microbial 

communities (Choudhary et al., 2022). 

Although plants have certain mechanisms to cope with stress, not every 

strategy is effective under all stress conditions. In this case, the microbial 

community, especially microorganisms living in the root and rhizosphere 

region of the plant, can help plants to cope with stress. A large number of 

microorganisms live around the roots of plants and many of them are beneficial 

for plants. The use of plant growth-promoting microorganisms (PGPMs) is a 

crucial strategy to mitigate the negative consequences of salt stress on plants, 

fostering plant growth through mechanisms like growth hormone secretion, 

increased nutrient uptake, nitrogen fixation, and disease protection (Choudhary 

et al., 2022). 
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These microorganisms are known to have a significant potential in 

reducing the salinity problem and its negative effects on plants. These 

microorganisms help plants in various ways such as maintaining osmotic 

balance and ion homeostasis and producing phytohormones (Choudhary et al., 

2022). 

Osmotic and ionic stressors that prevent plant growth are caused on by 

salt stress. When plants are subjected to salinity, osmotic stress occurs instantly 

because hypertonic conditions exist outside the cell, while ionic stress takes 

several days to appear because of the formation of Na+ and Cl-ions inside the 

cell. Osmotic stress reduces cell elongation, cell turgor pressure, and cell 

division in addition to altering the water balance within the cell (Vaishnav et 

al., 2019). 

Several studies have been conducted to create stress-tolerant plant 

varieties using molecular and plant breeding investigations to tolerate salt 

stress. These techniques are known to be expensive and time-consuming, 

nevertheless (Gupta et al., 2022). Plants have evolved various morphological, 

physiological, biochemical, genetic and metabolic mechanisms against salt 

stress over time (Kumari et al., 2015). Nonetheless, the substantial impact of 

extreme salinity on crops persists, emphasizing the importance of developing 

and integrating diverse techniques for the cost-effective utilization of saline 

soils in production (Marriboina and Attipalli, 2020). 

Enhancing salt tolerance in plants through the application of beneficial 

microbes emerges as a practical alternative strategy for managing salinity-

prone soils in production areas. Some beneficial microorganisms living 

together with plants contribute significantly to the promotion of plant growth 

and salinity tolerance. These microbes regulate phytohormonal signaling, 

increase the interactions between soil, water, and plants, and set off a number 

of other processes that work connected to increase plants' resistance to salinity 

and drought stress (Forni et al., 2017). Plant growth-promoting bacteria 

(PGPB), arbuscular mycorrhizae (AMF), and different endophytes are all 

considered beneficial microbes. However, there remain crucial issues to be 

resolved in understanding both the mechanisms through which these 

microorganisms promote plant growth and the processes involved (Vaishnav et 

al., 2019). 
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Using microorganisms that tolerate salt to promote plant development in 

salinity-stressed locations is one promising strategy. Fungi and bacteria possess 

great potential to improve plant nutrition, crop yield, and tolerance to adverse 

environments. According to Zhang et al. (2019), research on the composition 

and activities of microbial communities in salty soils can help clarify their 

significant contribution to biological processes controlling nutrient cycles in 

saline soil. The search for beneficial symbiotic bacteria and identifying 

microorganisms that survive in a variety of unfavorable environmental 

situations (such as salinity, dryness, etc.) is therefore crucial (Ma et al., 2020).  

In this chapter, information about salt stress in plants and the role of 

microbial agents in coping with this stress is given. Microbial agents are known 

to contribute significantly to the tolerance of salinity, which is one of the 

important stress factors in agricultural practice, and to improve the conditions. 

 

IMPACT OF SALINITY STRESS ON PLANT 

Following drought, the most serious threat to agriculture and crop 

production is the salinization of soil and water resources. Saline soil formation 

is increasing as a result of a low rainfall, high surface evaporation, weathering 

of local rocks, incorrect delivery method, irrigation with salty water and 

inadequate cultural practices. The salt stress is often seen as the poisoning of 

plants owing to the forming of salinity. A stress situation ensueing from a salt 

account high enough to led down the water likely (0.5 to 10 bar) is called NaCl 

stress (Yadav et al., 2019). 

Salts in soil water can inhibit plant growth in 2 ways. First, they reduce 

the plant's ability to take up water, leading to a reduction in growth rate. This is 

called the osmotic or water deficit effect of salinity. Secondly, if excessive 

amounts of salt enter the plant through the transpiration stream, damage to cells 

in the transpiring leaves can occur, leading to a reduction in plant growth.  This 

is the salinity's salt-specific or ion excess impact (Parihar et al., 2015). These 

and other salinity effects contribute to reduced productivity. It is forecasted that 

salinization will affect up to 50% of cultivated land by 2050 and worldwide 

economic losses from salinity stress are forecasted to be in excess of tens of 

billions of US dollars per year (Acharya et al., 2022). Salinity stress alters 

physiological, biochemical, and morphological responses in crops (Siringam et 

al., 2011; Yadav et al., 2019). 
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Salt stress inhibits plant growth and the rate of growth decrease is 

affected by a variety of parameters including plant species, developmental 

stage, and salt content (Yadav et al., 2019). Stunted growth is a survival 

mechanism that enables plants to against salinity stress (Munns, 2005).  Salt 

stress has been shown to decrease the expression of critical regulatory genes 

involved in cell progression (e.g. cyclin and cyclin-dependent kinase), leading 

to a reduced number of cells in the meristem and a growth inhibition that affects 

the plant's ability to efficiently absorb nutrients and water (Chinnusamy and 

Zhu, 2003). Under salt stress, the plant cell shrinks and dehydrates; it then 

recovers. Cell elongation and, to a lesser extent, cell division are impaired, 

resulting in a slower pace of root and leaf development.  Salinity stress affects 

lateral branch development, resulting in disparities in total growth and injury 

between salt-stressed and non-stressed control plants. This response is 

generated by changes in the cell-water connection caused by osmotic alterations 

except in the root (osmotic action). The osmotic action causes a degradation in 

the water absorption capacity in plants (Balasubramaniam et al., 2023). 

Although salt stress affects all developmental stages of the plant, the most 

affected stage is the seed production stage and therefore seed yield (Khatun & 

Flowers, 1995). In addition, salinity causes decreases in the number of 

productive flowers in the reproductive phase of plants and changes in flowering 

time (Munns, 2002; Çulha and Çakırlar, 2012). 
In addition to changing plant growth features, salt also interferes with 

cell signaling, energy metabolism, and protein synthesis (Arif et al., 2020). 

Because of this, it limits agricultural efficiency and leads to in lower yields by 

required a far up metabolic consumption for crop adaptability, growth 

conservation, and stress reactions (Munns et al., 2015). Salinity stress 

suppresses seed water potential, protein content, nutrient reserve, phosphatase 

activity and thus has a negative effect on seed germination (Wu et al., 2019). 

The reduction in biomass yield and the intensity of membrane damage are 

caused by salt-induced osmotic stress and salt absorption rate, respectively 

(Volkmar & Hu, 1998). In crops, Salt slows germination by boost soluble sugar, 

starch, and ABA content while lowering gibberellic acid (GA3) level. 

Moreover, salinity stress causes a significant effect on plant yield and its 

components. Soil salinity reduces biomass, leaf area, yield, stem and root length 

(Zorb et al., 2019). 
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Photosynthesis is significantly affected by salt stress. A reduction in 

photosynthesis decreases available resources, limiting crop growth in reaction 

to salt (Fisarakis et al., 2001; Zhou et al., 2023). One of the reasons for the 

reduction in photosynthetic action is the decrease in cell permeability of CO2 

as a result of dehydration of membranes. High salt concentration in the soil 

limits the plant's access to water, creating a high osmotic potential in the plant, 

but with the Osmotic stress develops in the plant as a result of a drop in water 

potential (Yildiz et al., 2020). Salinity inhibits increases transpiration and 

decreases stomatal conductivity, causing indigent gas trade and decreasing the 

proportion of photosynthesis (Arif et al., 2020).  

The effect of salinity on photosynthesis of Medicago truncatula was 

associated with reduced photosystem II activity rather than limitation of 

stomatal conductance. Photosynthesis was reduced by the inhibition of CO2 

assimilation caused by photosystem II damage (Najar et al., 2019; Yavas and 

Ilker, 2020). When A. thaliana was exposed to high salt concentrations, it 

affected the photochemistry of photosystem I and photosystem II and total leaf 

chlorophyll content, while Thellungiella salsuginea, a halophyte plant, was not 

affected (Stepien & Johnson, 2009). Salt stress affected the chloroplast 

structure in bean plants, and a decrease in photosynthesis rate was observed 

with a decrease in chlorophyll content (Ma et al., 2012). Chlorine-induced 

salinity caused a decrease in relative moisture content in tobacco, limiting 

photosynthetic capacity and consequently leading to a decrease in auxin and 

giberellin hormones (Wang et al., 2020). Photosynthetic electron transport is 

negatively affected. With the ion toxicity caused by Na+ and Cl- ions, the 

necessary nutrients are not available and this leads to a restriction of 

photosynthesis and the formation of reactive oxygen species (ROS) (Yildiz et 

al., 2020). ROS change photosynthetic proteins and the photosystem (Huihui et 

al., 2020; Balasubramaniam et al., 2023). Furthermore, short-term exposure to 

high concentrations of salt stress damages chloroplast ultrastructure by 

inducing thylakoid swelling and starch accumulation (Goussi et al., 2018; 

Balasubramaniam et al., 2023). 

In salinity stress, the reduction in chlorophyll concentration induced by 

pigment photooxidation and chlorophyll degradation is an indication of 

oxidative stress.  This leads to a decrease in chlorophyll content in plant leaves. 

Reduced chlorophyll content under salinity stress can trigger inactivation of 
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photosynthesis (Ma et al., 2020). In the process of chlorophyll degradation, 

chlorophyll b can be converted to chlorophyll and thus chlorophyll a content 

can increase. Although salt stress reduces chlorophyll content, the extent of the 

reduction varies depending on the salt tolerance of plant species. Chlorophyll 

content increased in salt tolerant species and decreased in salt sensitive species 

(Yavas and Ilker, 2020). Furthermore, salinity causes a decrease in chlorophyll 

content, Chloroplast swelling, membrane loss, the emergence/development of 

intracellular lipid droplets, and lamellar vesiculation disruption. Low 

photosynthetic pigment concentration can restrict photosynthetic potential and 

consequently primary crop protection (Ma et al., 2020). 

Salinity reduces nutrient absorption and disrupts mineral balance in the 

plant. A high salt content prevents absorption Zn, Fe, Mg, Ca, B, and K. Salinity 

reduces N, K and Zn content in leaves and P, K, Ca and Mg content in roots 

(Chrysargyris et al., 2019). Because salt changes the osmotic potential of the 

soil, plant roots have a harder time receiving mineral nutrients (Sheldon et al., 

2017). High salinity increases ion toxicity and creates nutrient imbalance (Arif 

et al., 2020). 

Plants respond to salinity in different ways. Glycophyte plants show 

reduced growth and total yield, while halophyte plants can easily grow and 

reproduce in saline conditions. Therefore, at high osmotic pressures at the root-

soil interface, there is a slow effect resulting from the accumulation of Na+ and 

Cl- in the leaves. This results in reduced shoot growth with reduced leaf 

expansion and inhibition of lateral bud formation. Increased amounts of ions 

like Na+ and Cl- cause ionic toxicity in plants by disrupting ion homeostasis 

and making vital nutrients unavailable for plant development and metabolism. 

Osmotic stress and ion toxicity are responsible for the occurrence of side 

stresses that can impair germination, growth and development of plants 

(Munns, 2008, 2011; Hasanuzzaman et al., 2022). 

Furthermore, increased Na+ levels lead to nutrient deficiencies by 

reducing the presence of additional ions like as K+, Ca2+ and Mg2+ as a result 

of cation conflict (Atta et al., 2019; Yildiz et al., 2020; Atta et al., 2021).  During 

salinity, as Na+ in the growth medium increases, the plant takes up more Na+ 

than K+, enhancement K+ efflux out of the cell and increasing the Na/K rate 

(Parvin et al., 2016; Rahman et al., 2016; Atta et al., 2023). 



PLANT MICROBE INTERACTIONS | 136 

 

Soil salinity is caused by ion toxicity resulting from the changing of K+ 

by Na+ in biochemical rebounds. K+ acts as a cofactor for many enzymes and 

is required in high concentrations for tRNA ribosome interaction during protein 

synthesis. Na+ and Cl- cause Protein conformational alterations (Zhu 2002). 

Salt in the soil causes osmotic stress resulting in lack of turgidity, cell 

dehydration and death. Ion toxicity and osmotic stress reason metabolic 

instability, leading to oxidative stress (Ashraf, 2004; Fouda et al., 2019). 

Salt stress reduces water potential, osmotic potential and turgor pressure 

in the leaf. While the toxic ion concentration increases in plant cells, the amount 

of K+ and Ca2+ decreases; This causes ion toxicity and ROS production. The 

plant needs ROS level required for optimal operation; any variation in ROS 

concentration causes a detrimental impact on crop physiology and leads to 

oxidative stress (Cambridge et al., 2017; Arif et al., 2020). Water deficiency 

caused by salt reduces stomatal conductance, thus reducing the photosynthetic 

activities of plants and accelerating the accumulation of reactive oxygen species 

(ROS) (Hasanuzzaman et al., 2022). 

Salinity causes oxidative loss in crops such as DNA injury, lipid 

peroxidation, enzyme inactivation, protein oxidation, hormone and nutritional 

imbalances, leading to the accumulation of reactive oxygen species (ROS) 

(Hasanuzzaman et al., 2021). ROS are mostly created in chloroplasts, 

mitochondria, endoplasmic reticulum, cytosol and peroxisome. Salt stress 

causes stomatal closure, reduces the quantity of CO2 in leaves and stimulates 

photosynthetic prevention (Kamran et al., 2020; Atta et al., 2023). 

Light reactions in the chloroplast result in the rapid production of 

reactive oxygen species (ROS) such as superoxide (O2
-), hydrogen peroxide 

(H2O2), hydroxyl radical (OH-) and singlet oxygen (O2). ROS cause oxidative 

damage to macromolecules like as carbohydrates, lipids, proteins, and nucleic 

acids leading to redox imbalance and severe oxidative stress in crops (Gill and 

Tuteja, 2010). Osmotic stress caused by salt stress limits the utilization of CO2 

due to stomatal closure, which increases O2 and 1O2 production in chloroplasts 

(Hameed et al., 2021). During salt stress, electron leakage from the electric 

transfer chain (ETC) causes O2 to be produced, which can then be transformed 

to H2O2 by Mn-SOD (Sharma et al 2012). Furthermore, peroxisomes are a 

source of ROS during salinity stress due to increased photorespiration, resulting 

in elevated H2O2 (Corpas et al., 2019; Zhou et al., 2023). 



137 PLANT MICROBE INTERACTIONS 

 

During salinity stress there is ROS induction causing oxidative stress; 

therefore, plants facilitate antioxidant mechanisms (Arif et al., 2020). 

Antioxidants are composed of enzymatic and non-enzymatic components. 

Superoxide dismutase (SOD), ascorbate peroxidase (APOD), glutathione 

reductase (GR), dehydroascorbate reductase (DHAR), monodehydroascorbate 

reductase (MDHAR), guaiacol peroxidase (GPOD), and catalase (KAT) are 

some important enzymatic components of this system.  Ascorbic acid (vitamin 

C), glutathione, carotenoids, flavonoids and α-tocopherol (vitamin E) are non-

enzymatic antioxidant compounds (Doğru and Canavar, 2020).  Antioxidants 

reduce salinity because they are powerful ROS quenchers and scavengers. In 

the detoxification process in a plant cell, first, plants increase the SOD 

production, which results in the conversion of superoxide anion (O2-) to H2O2, 

and then POX and CAT break down toxic H2O2 in plant cells (Zhang and Dai, 

2019).  The ascorbate-glutathione cycle enables the scavenging of ROS 

boosting the number of plant organelles ascorbate-specific peroxidase content. 

In halophyte plants, salinity increases the antioxidant and soluble sugar content 

(Singh et al., 2015; Krishnamurthy et al., 2018; Arif et al., 2020). 

Salinity stress can change phytohormone production, accumulation, and 

distribution such as indole-3-acetic acid, abscisic acid, jasmonic acid, 

gibberellins, salicylic acid, and cytokinins. Thus, it promotes particular defense 

mechanisms (Eyidoğan et al., 2012). Abscisic acid is a key phytohormone that 
is susceptible to stress caused by signal detection of NaCl stress (Fahad et al., 

2015; Ullah et al., 2018). Salt stress as a result of osmotic stress and water 

scarcity worsens abscisic acid production and distribution in vascular tissues, 

roots and shoots (Atta et al., 2023). Increased abscisic acid concentration 

triggers the influx of potassium (K) and calcium from guard cells. This leads to 

stomatal closure with water loss in guard cells. Abscisic acid increases the 

production of ROS (especially H2O2) in guard cells to reduce stomatal opening 

(stomatal closure) (Golldack et al., 2014; Mittler and Blumwald, 2015; Ma et 

al., 2020).  

Indole-3-acetic acid has an important role in the control of plant growth. 

In particular, Indole-3-acetic acid is involved in cell growth, development of 

vascular tissue and apical dominance (Wang et al., 2001). It was reported that 

indole-3-acetic acid concentration in rice leaves decreased significantly under 

salt stress, and the decrease in indole-3-acetic acid amount caused by salt stress 
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was partially prevented by the application of gibberalic acid (Prakash and 

Prathapasenan, 1990).  

The biosynthesis of jasmonic acid usually occurs in chloroplasts and 

peroxisomes in leaves (Cheong and Choi, 2003). This hormone is also 

synthesized in roots. Jasmonic acid induces salinity tolerance in plants by 

inducing stomatal closure, scavenging ROS and promoting root development 

(Ma et al., 2020).  

Jasmonic acid application to barley plants before salt stress positively 

affected growth and photosynthetic activity (Tsonev et al., 1998). It was 

reported that the amount of jasmonic acid increased in tolerant tomato 

genotypes to salt stress, while it decreased in susceptible genotypes (Pedranzani 

et al., 2003). 

When the salt concentration exceeds the threshold salinity level, crop 

yields are reduced because of salt impacting reproductive structure 

development or nutrient reserve relocation. Salinity negatively affects crop 

development by lead to osmotic instability and ion toxicity. Identifying the salt 

stress signaling route and characterization of upstream salt stress sensors can 

methods for mitigating and ameliorating the harmful effects of salt stress on 

crops yield. While salt stress has a negative impact on plant growth and 

development, plants have evolved regulatory systems to cope with these harsh 

circumstances (Zhao et al., 2021). To comprehend the impact of salt stress on 

plants and the salt tolerance systems of plants, studies are needed to examine 

morphological, physiological, biochemical, and molecular processes of both 

osmotic and ion stress at the entire plant, tissue, and cellular levels. It is also 

necessary to determine the tolerance levels of plants to salinity and to develop 

tolerant plants with high nutritional values. Utilizing the potential of beneficial 

microorganisms, especially endophytes like as bacteria and fungi, is an 

alternative environmentally friendly technique for increasing plant stress 

resistance and better crop yields (Fouda et al., 2019). It would be a promising 

way to against salinity in agricultural fields and increase worldwide food 

breeding. 

 

MICROBIAL ENDOPHYTES IN THE HOST PLANT 

Endophytes are a widely dispersed colony of endosymbiotic bacteria that 

support plant growth in demanding conditions within healthy plant tissues. 
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They develop in the intracellular and intercellular spaces of all plant 

components, while they are not seen to induce infections or significant 

morphological problems (Ali et al., 2014). 

These endophytic microbes are crucial for the growth, development, 

health, and diversity of plants (Fouda et al., 2019). Numerous advantageous 

effects of endophytic bacteria on host plants have been demonstrated, such as 

growth promotion, regulation of plant metabolism, and the synthesis of 

phytohormones that enable tolerance to biotic or abiotic stress. Because 

endophytic bacteria have benefits including improved disease resistance and 

increased plant output, they have great potential for use in agricultural 

applications in environments with cold, drought, salt, heavy metal stress, or 

disease contamination (Miliute et al., 2015; Lata et al., 2018; Fouda et al., 

2019). 

Endophytes play a crucial role in managing plant growth in challenging 

conditions through a variety of mechanisms. These microorganisms have 

developed both direct and indirect strategies to support host plants under 

unfavorable conditions. By regulating growth hormones, plant growth-

promoting endophytes enhance nutrient uptake, ensuring optimal plant 

development in stressful and non-stressful environments alike (Ma et al., 2016; 

Ali et al., 2022). 

The population diversity of endophytic microorganisms is directly or 

indirectly influenced by farming practices and various biotic/abiotic factors. 

Agricultural techniques, such as cultivation and irrigation, modify soil 

properties like disturbance, soil structure, and permeability, causing disruption 

to soil microbial diversity. The direct reduction in microbial diversity due to 

the excessive use of pesticides and fertilizers is a consequence of these practices 

(Tamosiune et al., 2017). Moreover, the density of endophytic populations is 

also shaped by microorganism-microorganism and plant-microorganism 

relationships (Ryan et al., 2008). 

Nowadays, endophytes are widely used as biofertilizers or biological 

controls. Furthermore, endophytes have a wide range of uses as they can fix N2 

and CO2, produce phytohormones, antagonistic materials and enzymes, 

stimulate the immune system, and compete for colonization and nutrients. They 

also enhance plant growth by utilizing PGPR (plant growth-promoting 

rhizobacteria). Endophytes settle in plant tissues through the root zone or 
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above-ground parts, through stomata, germinating radicles, leaf tract or lateral 

roots. Once in the plant tissue, they colonize using certain enzymes such as 

pectinases, cellulases, etc. These endophytes provide various benefits to the 

host plant by producing antioxidants, osmolytes and Osmo protectants 

(Bharadwaj, 2024). 

 

THE ROLE OF FUNGAL ENDOPHYTES IN SALINITY 

CONDITIONS 

Plants grow under the influence of several harmful factors. These 

unfavorable circumstances consist of abiotic factors such as salinity, drought, 

cold, and heat caused by fungi, bacteria, viruses, and nematodes (Zhu, 2016; 

Korkom, 2023). Soil salinity induced by sodium chloride (NaCl) in agricultural 

production has become an issue in many nations (Gupta et al., 2020). This is a 

clear limitation for all plant species (Minhas and Dagar, 2016). Today, salt 

stress affects 20% of total farmed lands and 33% of irrigated (more than 45 M 

ha) agricultural regions globally (Kumar and Sharma, 2020). By 2050, more 

than half of agricultural fields will be salinized (Kumar and Sharma, 2020). As 

a result, effective measures should be developed locally and globally to ensure 

long-term agricultural productivity (Singh, 2022). The most promising method 

for increasing a plant's resistance to a range of environmental challenges is 

through tolerant plants as a result of plant breeding, yet this is a costly and time-

consuming process (Padikasan et al., 2018). Therefore, effective, inexpensive, 

environmentally beneficial, and readily applied alternatives need to be 

investigated to reduce salinity stress. 

The plant-microorganisms interaction that takes place in the rhizosphere 

of the plant leads to modifications in the metabolic and systemic responses of 

the plant under situations of salt stress (Lata et al., 2018; Jamil et al., 2022). It 

is also known that all plant species are in contact with at least one endophyte 

microorganism under natural conditions (Krings et al., 2007). Endophytic fungi 

have a wide range group of species that are distributed in colonizing the internal 

plant tissues (Azevedo et al., 2000). Plants exposed to salt experience 

cytotoxicity, plant mechanism disruption, reduced photosynthesis, and stunted 

growth and development (Isayenkov and Maathuis, 2019). Ion toxicity, 

oxidative stress, and osmotic shock are the first symptoms of salinity stress. 

These negative consequences of salinity can then expose plants to secondary 
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pressures by reducing their capacity to uptake nutrient and H2O (Monetti et al., 

2014; Ashraf et al., 2018). In reducing these negative effects, endophytic fungi 

help the plant by increasing the mineral elements in the soil, and water and 

stimulating root development (Kohler et al., 2009; Meena et al., 2017). 

Endophyte fungi reduce Na+ toxicity in the upper organs of the plant by 

accumulating Na+ in root cells, vesicles, or hyphae (Khalid et al., 2018). 

According to several reports, fungal endophytes stimulate the plant's roots to 

secrete more organic compounds, which in turn influences the quantity and 

variety of organic acids (Zhao et al., 2014; Yang et al., 2015). For instance, 

fungal endophytes dissolve iron in the soil under saline conditions and make it 

available to the host plant (Zhao et al., 2014). This benefit provided by 

endophyte fungi is very important for plants under salt stress because organic 

acids play a role in the functions related to the tolerance level of plants against 

abiotic factors (Gupta et al., 2020). The different Trichoderma species 

(teleomorph Hypocrea) enhanced the growth of mustard (Ahmad et al., 2015), 

maize (Rawat et al., 2012), wheat (Rawat et al., 2011), rice (Rawat et al., 2012), 

Ochradenus baccatus (Hashem et al., 2014) plants under salt stress. They also 

help to minimize this stress by promoting root development (Mastouri et al., 

2010) and the defense mechanism of antioxidants in plants (Ahmad et al., 

2015). T. longibrachiatum (isolate T6) reduced the effects of salinity on wheat 

in an agar medium test performed under in vitro conditions (Zhang et al., 2016). 

In a similar study, it was determined that T. harzianum T78 successfully 

reduced the effect of different concentrations of salt applied to the soil (Mbarki 

et al., 2017). In another study, Beauveria bassiana isolate BeauA1 improved 

the root, shoot, and leaf formation of rice in salt conditions (Akter et al., 2023). 

Piriformospora indica (syn. Serendipita indica) is an endophyte fungus that 

easily colonizes plant roots and improves plant growth under salinity stress by 

several mechanisms (e.g. antioxidant enzymes activity, electron transfer chain, 

plant hormones changed) (Gill et al., 2016). This fungus has been found 

effective against salt stress in many plant species for instance barley (Ghaffari 

et al., 2019), maize (Yun et al., 2018), tomato (Ghorbani et al., 2018), mustard 

(Khalid et al., 2018), Aloe barbadensis M. (Sharma et al., 2017). One of the 

parameters used to determine the level of environmental stress in plants is the 

amount/content of chlorophyll. Salt stress significantly reduces the amount of 

chlorophyll in plants. Mycorrhizal fungi application was determined to 
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decrease the negative effect of salinity stress on chlorophyll content in tomato, 

zucchini, and pepper plants by different researches (Colla et al., 2008; Kaya et 

al., 2009; Hajiboland et al., 2010). Beauveria bassiana isolate BeauA1 

increased the chlorophyll content of rice in salinity (Akter et al., 2023). Hashem 

et al. (2014) have reported that Trichoderma inoculation enhances the 

chlorophyll concentration and also contributes to the biomass of the plant. 

Similarly, as a result of the studies carried out by Soliman et al. (2020) and 

Yusnawan et al. (2021), it was determined that Trichoderma application 

increased the amount of chlorophyll in the plant under salt stress. The defense 

mechanisms of plants under stress conditions include phytohormones, 

antioxidants, and various signaling pathways that stimulate the defense system 

(Rejeb et al., 2014). As a result of plant-microorganism interaction, the plant's 

defense mechanism is activated quickly and is effective in controlling salt stress 

(Kumar and Verma, 2018). Fungal endophytes changed the levels of 

phytohormones such as gibberellic acid (GA), salicylic acid (SA), indole acetic 

acid (IAA), and antioxidant enzymes (SOD: superoxide dismutase, APX: 

ascorbate peroxidase, POD: peroxidase, CAT: catalase) that play a direct act in 

the salt tolerance of plants are altered (Santander et al., 2020; Metwally and 

Soliman, 2023). Arbuscular mycorrhiza application in cucumber reduced the 

effect of salt stress by increasing the level of defense enzymes (Santander et al., 

2020). Trichoderma species help plants become more tolerant of salinity by 

stimulating antioxidant defenses and expressing genes that tolerate salt 

(Brotman et al., 2013). P. indica showed a similar effect on sesame to activities 

of antioxidants (Khademian et al., 2019). GA reduces the negative effects on 

plants under salinity stress in two ways; i) increases antioxidant activity, and ii) 

promotes plant growth (Xu et al., 2018; Chauhan et al., 2019). GA-forming 

Phoma herbarum and Penicillium sp. (endophytic fungi) reduced salinity stress 

and increased the growth in cucumber and soybean (Hamayun et al., 2010; 

Waqas et al., 2012). Akter et al. (2023) and Zhang et al. (2019) reported that 

salt tolerance in plants treated with Beauveria bassiana (isolate BeauA1) and 

T. longibrachiatum (isolate T6) may be due to increased 1-aminocyclopropane-

1-carboxylate deaminase (ACCD) activity and IAA accumulation. Endophyte 

inoculation normalized contents of the flavonoid and phenolic compounds in 

maize (Khushdil et al., 2019; Ali et al., 2022), barley (Yang et al., 2018), and 

groundnut (Yusnawan et al., 2021) plants under salt stress conditions. Exposure 
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to salinity can have detrimental effects on the plant due to the production of 

reactive oxygen species (ROS), which include hydrogen peroxide (H2O2), 

hydroxyl radicals (OH-), and superoxide anions (O2
-) (Gengmao et al., 2014; 

Singh, 2022). Antioxidant metabolism is very important in land plants to ensure 

cell membrane integrity and control ROS in saline conditions (Huchzermeyer 

et al., 2022; Singh, 2022). In plant-fungi symbiosis, oxidative damage is 

prevented by increasing O2
- detoxification in plants, as a result of which O2

- is 

converted into H2O2 and other ROS, thus reducing the negative effects of 

salinity on the plant (Porcel et al., 2015; Khalvandi et al., 2019). The salt stress 

was reduced when P. indica was applied to tomatoes by the same mechanism 

(Ghorbani et al., 2018). Talaat et al. (2014) have shown that arbuscular 

mycorrhiza root colonization reduced salt stress in wheat by triggering the ROS 

defense mechanism. Proline is a molecule that initiates the function of ROS 

detoxification signaling pathways, and due to this property, it improves the 

plant's ability to tolerate abiotic stress (Hossain et al., 2014). Based on this, 

practices that encourage proline formation in plants are important in controlling 

salt stress. P. indica and Azospirillum inoculation into wheat plants caused 

excessive proline production in the plant (Zarea et al., 2012). Endophyte fungi 

were applied to rice, corn, and barrel clover plants to enhance proline synthesis 

under salinity stress (Khomari et al., 2018; Dief et al., 2021; Ali et al., 2022). 

 

THE ROLE OF BACTERIAL ENDOPHYTES IN SALINITY 

CONDITIONS 

Agricultural production is severely hampered by many abiotic stress 

factors such as nutrient deficiency, salinity, drought and high temperature. 

Bacterial endophytes are known to play a crucial role in helping plants survive 

these harsh conditions. Endophytic bacteria are obtained from many 

agricultural fields and this diversity is very important in maintaining the 

balance of plant physiology and maintaining the functioning of 

agroecosystems. In many studies, it has been reported that endophytic bacteria 

promote plant growth by regulating plant metabolism and phytohormone 

regulation and also have important effects in increasing resistance to biotic or 

abiotic stress factors (Fouda et al., 2019). 

In saline soils, Actinobacteria, Proteobacteria, Bacteroidetes and 

Gemmatimonadetes, as well as Firmicutes, Acidobacteria, Nitrospirae and 
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Verrucomicrobia are commonly found (Rath et al., 2019). However, at high salt 

concentrations, the presence of Bacteroidetes and Proteobacteria was detected 

in small amounts, but Acidobacteria were not recorded (Tufail et al., 2021). 

Endophytic bacteria, which are the most important bacteria for the 

development of salt tolerance in plants, are very useful. Bacterial species 

belonging to the genera Bacillus, Enterobacter, Burkholderia, Pseudomonas, 

Paraburkholderia, Pantoea, Paenibacillus and Streptomyces have been reported 

to significantly reduce salt stress (Ali et al., 2022). 

These endophytes have developed many direct and indirect mechanisms 

to support the host plant in extreme environments. Studies in some plant species 

have reported that endophyte bacteria enhance plant growth by utilising various 

mechanisms under salt stress. These endophytes reduce oxidative stress and 

osmotic pressure, regulate amino acid and phytohormone production, and 

maintain nutrient balance by reducing Na+ concentration in the xylem. They 

also increase the surface area for greater water uptake by elongating plant roots 

to eliminate the effect of drought stress caused by saline conditions (Abdelaal 

et al., 2021; Ali et al., 2022). 

There are many important scientific studies showing that there are 

various bacterial endophyte groups that can be effective in ameliorating salt 

stress in plants (Yaish et al., 2017; Lata et al., 2018; Vaishnavet et al., 2018). 

The maximum salt tolerance values of endophytic bacterial genera that promote 

plant growth under salt stress conditions are given in Figure 1 (Kushwaha et 

al., 2020). 

 

Figure 1. Salt tolerance values of some endophytic bacteria (Kushwaha et al.,2020).  

 

https://link.springer.com/article/10.1007/s11274-020-2804-9#auth-Prity-Kushwaha-Aff1
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Plant development has been effectively promoted by endophytes 

bacteria, which also lessen the negative effects of salt stress. Plants can recover 

from stress and develop normally when endophytic bacteria are present. They 

can resist salt stress by releasing osmotic pressure, eliminate harmful 

compounds, and boost the production of hormones including cytokines (CK) 

and indole acetic acid (IAA). By delaying leaf senescence and promoting 

osmolyte buildup, glucose metabolism, and antioxidant activity, these 

processes support photosynthesis (Vaishnav et al., 2019). 

In addition to individual salt tolerance mechanisms of plants and 

bacteria, plants can increase their salinity stress tolerance by establishing 

symbiotic relationships with endophytic and rhizospheric bacterial 

communities (Cheffi et al., 2019; Hasanuzzaman et al., 2019; Sun et al., 2020). 

Soil salinity affects rhizospheric communities and halotolerant bacteria create 

a favourable environment (Stringlis et al., 2018). Endophytic bacteria stimulate 

plant defence mechanisms to reduce salt stress while increasing plant growth 

and yield (Slama et al., 2023). 

Two ways that endophytes can provide plants abiotic stress tolerance are 

(i) by immediately activating the host's stress defense mechanisms after stress 

exposure, which shields plants from stress or lessens its effects (Redman et al., 

1999); and (ii) via endophytes biosynthesizing anti-stress biochemicals (Schulz 

et al., 2002). 

 

Antioxidants and antioxidative enzymes 

Reactive oxygen species (ROS) are formed during aerobic metabolism 

as a result of metabolic reactions occurring in chloroplasts and mitochondria 

under stress conditions. While reactive oxygen species (ROS) exhibit 

significant benefits at low concentrations in plants, elevated levels of ROS and 

related redox-active compounds can lead to cell damage through oxidative 

stress (Farooq et al., 2019; Huang et al., 2019). Salinity stress enhances ROS 

production (Miller et al., 2010). Endophytic species enhance plant salt tolerance 

by modifying or controlling reactive oxygen species. Endophytic microbes 

employ mechanisms against salinity akin to those for drought tolerance. 

Endophytes stimulate the production of antioxidant enzymes, thereby 

stabilizing various free radicals and ensuring the normal functioning of cells 

under salt stress (Anand et al., 2023). Bacterial inoculation increased biomass 



PLANT MICROBE INTERACTIONS | 146 

 

and chlorophyll content in stressed plants while decreasing lipid peroxidation 

levels and ROS. In comparison to uninoculated plants, bacterially inoculated 

plants showed higher amounts of anti-oxidant enzymes, non-enzymatic anti-

oxidants, SOD, POD, CAT, and GR activity, glutathione, ascorbic acid and 

total phenol content (Abd-Allah et al., 2018). 

 

Phytohormone production  

Beneficial microorganisms produce phytohormones, organic compounds 

at low concentrations that significantly enhance plant growth and yield (Verma 

et al., 2017). The modulation of phytohormone levels actively supports plant 

growth (Ali et al., 2017). Indole-3-acetic acid (IAA), a crucial phytohormone, 

is produced by various endophytic bacterial genera, including Bacillus, 

Marinobacterium, Arthrobacter, Sinorhizobium, and Pseudomonas, found in 

halophytic plants (Li and Jiang, 2017).  

Under salt stress, IAA acts by increasing seed germination, root 

development and water permeability of the cell and reducing cell wall pressure 

(Vaishnav et al., 2019). 

Endophytic bacteria produce cytokinins (CKs) to enhance plant cell 

divisions and enable the plant to withstand various environmental stresses, 

including salt stress (Akhtar et al., 2020). Inoculation of the plant with 

microorganisms producing phytohormones (including cytokinins) has 

contributed to the prevention of salt stress and plant development (Magallon 

and Dinneny, 2019). The role of jasmonic acid (JA) as a signaling molecule 

involves promoting the production of primary and secondary metabolites in 

plants, also fostering increased tolerance to biotic and abiotic stress (Liu et al., 

2020). It was also found that inoculation of plants with bacterial agent increased 

JA gene expression in plants (Cassells and Rafferty-McArdle, 2011). The 

production of gibberellic acid (GA) by certain endophytes contributes to the 

stimulation of plant cell division and growth (Qin et al., 2016), seed 

germination, flowering and fruit development (Bhise and Dandge, 2019). In 

PGPB-inoculated plants under salinity stress, plant growth was promoted by 

producing some phytohormones, including GA. Plant growth-promoting 

phytohormones produced by endophytic bacteria (Haider et al., 2022) can 

increase the metabolism and nutrient utilization of the host plant (Phetchar and 

Duangpaeng, 2012; Shi et al., 2014).  
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Plant hormones, such as abscisic acid, cytokinins, ethylene, gibberellins, 

and indole-3-acetic acid (IAA), serve as crucial mediators in the intricate 

interaction between host plants and microorganisms. While a balanced level of 

ethylene is vital for regular plant growth and development, stress-induced 

ethylene formation can impede plant growth (Gupta et al., 2016). The 

production of ethylene increases, particularly under salinity stress, resulting in 

restricted root growth (Afridi et al., 2021). ACC deaminase-producing 

endophytes play a role in mitigating the detrimental effects of salinity stress on 

root development by converting ACC (ethylene precursor) to α-ketobutyrate 

and ammonia (del Carmen Orozco-Mosqueda et al., 2020). This helps to reduce 

ethylene concentrations, regulate plant growth and protect them from the 

negative effects of salt and other stress factors (Kashyap et al., 2018). In another 

context, ACC is utilized for nitrogen assimilation, converting into ammonia 

(Stringlis et al., 2018). Through ACC deaminase activity, endophytic bacteria 

can control how much ethylene is produced by plants. One of the characteristics 

of endophytes that promotes plant growth is the ACC deaminase enzyme (Glick 

2014; Kumari et al., 2016). 

Many plant growth-promoting bacteria (PGPB) possess the capability to 

produce the ACC deaminase enzyme, and these include Bacillus, 

Pseudomonas, Enterobacter, Acinetobacter, Arthrobacter, Corynebacterium, 

Serratia, Brevibacterium, Exiguobacterium, Planococcus, Micrococcus, 

Burkholderia, Alcaligenes, Halomonas, Zhihengliuella, Ochakrobtrum, 

Oceanimona, and Klebsiella (Chen et al., 2013; Sarkar et al., 2018). 

Ethylene production in plants in response to stress also regulates 

endophytic colonisation of plant tissues. High ethylene content reduces the 

colonisation efficiency of bacteria with host plants (Ali et al., 2014). 

 

Nutrient uptake regulation 

The unregulated and unaware application of chemical fertilizers results 

in diverse environmental issues, including soil structure degradation, 

disturbance of soil microflora, and the accumulation of chemical residues in the 

food cycle. Therefore, microbial-based bio-fertilisers are important sources to 

replace chemical fertilisers for sustainable agriculture. Endophytic bacteria can 

dissolve some minerals and fix nitrogen in the atmosphere to plants (Waishnav 

et al., 2019). 
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Bacterial mechanisms to improve plant performance at high salt 

concentrations contribute to essential nutrient uptake and support plant biomass 

production. Zinc (Zn), phosphate (P) and potassium (K) are present in soil 

mostly in insoluble forms (Slama et al., 2019a; Slama et al., 2019b). Therefore, 

the solubilisation of nutrients by bacteria is crucial for plant growth. Some 

bacterial genera such as Bacillus, Pseudomonas, Azotobacter, Enterobacter, 

Providencia, Pantoea, Proteus, Serratia, Acidothiobacillus, Klebsiella, 

Paenibacillus provided P, Zn and K solubilization (Yadav et al., 2020; Cheffi 

et al., 2019; Jiang et al., 2019). 

An eco-friendly way to promoting plant development and N content is 

by the use of N-fixing endophytic bacteria. Because endophytic bacteria can fix 

nitrogen in low-oxygen environments found inside plants, they are more 

effective at it than rhizospheric bacteria. 

 

CONCLUSION 

Its production is severely reduced in plants due to the direct impact of 

salt stress on functions such as photosynthesis, respiration, nutrient 

assimilation, hormonal imbalance, etc. With its indirect effect, it also limits 

production by increasing the formation of reactive oxygen species in plants 

under stress conditions, as well as damage to macromolecules such as proteins, 

lipids and nucleic acids. In many studies conducted in recent years, interest in 

beneficial microorganisms continues to grow. The use of microbial agents in 

agricultural production constitutes an increasingly developing field of research. 

Plant-microbial agent interaction is a very complex mechanism governed by 

signals, hormones, enzymes, volatile compounds, genes, and metabolites that 

work together to provide mutual benefit. These microbial agents are known to 

enhance host performance by influencing the reactions of plants under abiotic 

and biotic stress conditions. The effectiveness of these elements in boosting 

physiological performance, plant growth, root and shoot biomass, symbiotic 

performance, energy production, osmoregulation, Na+ accumulation, and ion 

homeostasis in plants, especially under salt stress conditions, is highlighted. 

The chapter emphasizes the essential roles played by fungi and bacteria in 

mitigating salt stress in plants. 
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INTRODUCTION 

One issue that keeps getting worse is feeding the world's growing 

population. Due to their low cost of protein, edible legumes—one of the major 

plant groupings for human nutrition—are also referred to as "poor man's meat." 

Legume is becoming an increasingly significant component of all agricultural 

systems, whether they are conventional, organic, or good agriculture, as the 

need for agriculture to be sustainable grows. Legumes are special because of 

their symbiotic relationship with rhizobia bacteria, which allows them to 

benefit from the free nitrogen in the air in addition to their high nutritional 

content. Understanding the traits of the parties and how they interact with the 

environment is essential to getting the most out of this connection. It is covered 

in this article. 

 

1. LEGUMES 

Grain-based legumes have a important act in mankid nutrition, 

particularly for those with poor incomes in developing nations. (Tharanathan 

and Mahadevamma, 2003).  Legumes are valuable to humans second only to 

the Gramineae. They are distinguished by their unusual flower shape, pod-like 

fruits, and the capacity of 88% of the species under investigation to create 

rhizobia-containing nodules. Legume species, which belong to the 670–750 

genera and 18,000–19,000 species group, are crucial plants for grazing, 

agroforestry, and cereal crops (Graham and Vance, 2003). Grain legumes are 

being produced more widely in the world because to their direct use in industrial 

demands, animal feed, and human nutrition. Additionally, grain legumes can 

increase cropping systems' nitrogen and phosphorus contents (Sinclair and 

Vadez, 2012). Globally, grain legumes (including beans, broad beans, peas, 

lentils, chickpeas, and pigeon peas) are grown on 95,438,847 hectares with an 

average yield of 93.22 kg/da and an output of 88,966,861.44 tons, according to 

Fao statistics (2021). (FAO, 2023). Significant advancements have been made 

in the identification of novel bioactive chemicals and the development of 

functional food ingredients for the prevention of illness in recent years. It has 

long been believed that legumes are healthy diets for humans. Legumes are a 

family of plants whose seeds have long been a mainstay of human meals. 

Legumes are an excellent source of carbs, proteins, dietary fiber, vitamins, and 
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minerals, but they also have a wide range of non-nutrient substances that are 

thought to be bioactive and have anticarcinogenic, hypoglycemia, 

hypoglycemic, and antioxidant qualities (Martín-Cabrejas, 2019). As important 

suppliers of plant protein, a number of grain legume crops are essential to world 

agriculture and nutrition, serving as both food and feed. When cultivated in 

agricultural rotations, legumes help to enhance the environment sustainably 

because of their ability to fix nitrogen biologically, their impacts on the soil, 

the yield of the following crop, and the services they provide to other 

agroecosystem components like pollinators (De Ron, 2015).  

Rhizobia, or root-nodule relationships, are symbiotic with legumes 

(Dwivedi et al., 2015).  Due to their symbiotic relationship with a class of soil 

bacteria known as rhizobia, legumes are able to absorb atmospheric N2 and so 

require less N fertilizer. Legumes in a rotation can result in less fertilizer N 

being used, as part of this "free" N is transferred to a next crop. Not to be 

overlooked are the additional advantages of legumes, such as decreased insect 

and weed incidence and enhanced soil quality (Van Kessel and Hartley, 2000). 

 

2. RHIZOBIA (Rhizobium) 

2.1. Taxonmy of Rhizobia 

The fact that legume plants' root nodules were absorbing atmospheric 

nitrogen was discovered by the end of the 1800s. The rootnodule bacteria were 

isolated and identified as the cause of this nitrogen fixation process by 

Beijerinck in 1888. Despite several competing suggestions being given in the 

early years, Frank (1889) published the term Rhizobium leguminosarum after 

just one year. This is the name we still use today (Willems, 2006; Peter et al., 

1996). Beijerinck combined the Greek terms "rhizo" and "bios," which mean 

"root" and "life," to create the nomenclature "Rhizobium." This was done to 

represent the bacteria's mutualistic relationship with plant roots (Allam, 2023).  

Rhizobia are the bacteria that induce legumes to produce nitrogen-fixing 

nodules. Rhizobium is divided into four genera and 17 species.  Rhizobia have 

been identified to have separated into 3 genera: Rhizobium, Bradyrhizobium, 

and  Azorhizobium based on sequences found in small sub-unit ribosomal Ribo 

Nucleic Acid.   These are distributed throughout several distinct branches, all 

of which contain a significant number of non-rhizobial bacterial species, and 

they are all members of the Proteohacteria's alpha subdivision. Rhizobium 
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continues to be vast and pholyphyletic, which is why there have lately been 

suggestions to split this genus into four genera (Peter et al., 1996).  

Nodulation tests with a variety of bacteria and host plants were carried 

out in the beginning of the 20th century, and the specificity between the 

symbiotic bacteria and the host plants was noted. As a result, Baldwin and Fred 

developed the concept of cross-nodulation, which demonstrates the rhizobia's 

host plant selection. Taxonomists used this theory over a period of about eight 

decades to identify six main species: R. lupini- R. japonicum showed an alkaline 

reaction on yeast-extract mannitol agar (YMA) medium, whereas R. meliloti - 

R. trifolii- R. phaseoli, and R. leguminosarum displayed an acidic reaction. 

Those six species were not the only isolates from cowpea that were recognized 

as Rhizobium spp. (Helene et al., 2022). The last few years have seen a 

significant shift in the categorization of rhizobia as a result of the addition of 

many new genera and species to this significant bacterial group. The wide 

variety of nitrogen-fixing bacteria that have been isolated from various legumes 

has been demonstrated by recent investigations. Currently, 98 species of α-/β-

proteobacteria belonging to 14 taxa have been identified as rhizobia. The group 

of bacteria known as legume symbionts includes the genera Shinella, Ensifer 

(formerly Sinorhizobium), Phyllobacterium, Bradyrhizobium, Microvirga, 

Azorhizobium, Ocrhobactrum, Methylobacterium, Mezorhizobium, Devosia, 

Rhizobium (Class of α- proteobacteria), Cupriavidus (formerly Ralstonia) 

Burkholderia, (Class of β-proteobacteria), and some γ-proteobacteria. Given 

that just 23% of all legumes have been discovered as having a symbiotic 

connection to date, there is undoubtedly still more to learn (Berrada and Fikri-

Benbrahim, 2014). Agrobacterium's uniqueness, the recently proposed 

Neorhizobium genus, and the resurrection of Allorhizobium as a legitimate 

genus within the Rhizobiaceae are all supported by the phylogenomic research, 

which also raises the possibility that R. giardinii should be placed in a new 

genus. Data from in silico DNA–DNA hybridization (DDH) and estimations of 

average nucleotide identity (ANI) have been made available by genomics to 

define bacterial species boundaries (Ormeno-Orrillo et al., 2015). 

. 
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Table 1. Taxonomy of Rhizobium 

K i n g d o m Bacteria 

P h l u m Proteobacteria 

C l a s s Alphaproteobacteria 

O r d e r Rhizobiales 

F a m i l y Rhizobiaceae 

G e n u s Rhizobium 

 

2.2. Structure of Rhizobia 

Rhizobia, another name for nodule root bacteria, are rod-shaped, 

medium-sized bacteria with dimensions of 1.2–3.0 ~m in length and 0.5–0.9 

~m in breadth. They are made up of the slowly developing Bradyrhizobium 

spp. and the quickly growing Rhizobium spp. They are Gram-negative and 

don't make endospores. Rhizobia often show variable Gram staining, which 

varies according to the culture's age. While older, longer cells exhibit banding 

and contain unstained patches, younger cultures and nodular bacteroids 

frequently have uniform gram staining. It has been shown that the unstained 

patches are big polymeric beta-hydroxybutyric acid (PHBA) granules. Phase-

contrast microscopy is used to illustrate the PHBA's refractile nature. The 

majority of rhizobia are aerobic chemoorganotrophs, making cultivation fairly 

simple. Younger cultures and nodular bacteroids often show homogenous gram 

staining, but older, longer cells show banding and contain unstained patches. 

The unstained regions have been recognized as sizable granules of polymeric 

beta-hydroxybutyric acid (PHBA). Hoben and Somasegaran (2012). Each 

creature has one to six flagella that help it move around. The majority of the 

studied species exhibit peritrichous insertion. Peritrichous organization also 

appears to present as polar or sub-polar insertion in strains derived from animals 

that have a one flagellum. (Sinorhizobium fredii, R. mongolense, Sinorhizobium 

saheli Sinorhizobium terangae, and Sinorhizobium xinjiangense, R. galegae). 

It is said that only R. hainanense exhibits clear polar flagellation (Kuykendall 

et al., 2015).  
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Figure 1. Structure of Rhizobium 

 

2.3. Genetics of Rhizobia 

The genomes of Rhizobium vary in size from 5.5 to 9 Mb. (Sessitsch et 

al., 2002). Nod, nif, and fix genes are the three categories into which symbiotic 

nitrogen fixation genes fall. Since the 20 K. pneumoniae nif genes and rhizobial 

nif genes are physically similar, it is assumed that a conserved nif gene 

functions similarly in both K. pneumoniae and rhizobia. Up to now, researchers 

have found at least nine distinct rhizobial nif genes in A. Caulinodans,                  

B. japonicum and  R. meliloti, (Table 2) (Fischer, 1994).  

 

Table 2. Identification of the fix and nif genes in R. meliloti, A. caulinodans, or B. 

japonicum together with their suggested or known roles (Fischer, 1994).   
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The rhizobia belong to the α (alpha) and β (beta) class of 
proteobacteria, with genomes that are almost twice as large as those of typical 

bacteria. Each group's genome is split into two or more sizable replicons, one 

of which resembles the Bacillus subtilis or Escherichia coli major chromosome 

and contains many of the essential genes. Call them chromatids, plasmids, 

megaplasmids, or second chromosomes, they are the leftover replicons of one 

or more. Regarding Sinorhizobium meliloti, a 1.34 Mb megaplasmid has many 

SNF genes, such as fix, nif, and nod. Similar to this, plasmid or megaplasmid 

(pSym) containing SNF genes is present in other rhizobia species, such as 

Burkholderia, Sinorhizobium, Phyllobacterium, and. Rhizobium Symbiotic 

islands are areas where SNF genes are found in certain rhizobia species 

(Azorhizobium, Mesorhizobium, and Bradyrhizobium) that have a single big 

chromosome (Yousuf et al., 2022).  

The nodulation (nod, noe, and nol) genes required for infection and nod 

ule organogenesis are present in all rhizobia that have been discovered to far. 

Certain genes, such nodABCD, are exclusive to certain species of rhizobia, 

whereas others are present in all of them. Sequence research showed that nod 

genes are highly conserved, even in closely related rhizobial lineages. This 

implies that the genes have been horizontally transmitted to several non-

symbiotic bacterial species and may have originated from a monophyletic 

organism. For example, the nodD genes are transcriptional activators belonging 

to the lysR family. All rhizobia have a higher degree of genetic relatedness 

among their nodD genes than they do with any other lysR family member.  The 

nodulation genes act as a mediator in the communication between rhizobia and 

legume host plants (Debellé et al., 2001). 
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Table 3. Nodulation genes and their Functions (Lindström and Mousavi, 2020). 

 

 

2.4. Life Cycle of Rhizobia 

Legume plants and rhizobia, a kind of soil bacterium, can develop a 

symbiotic nitrogen-fixing partnership. Rhizobia exist in two stages: a free-

living stage in the soil and a symbiotic phase in which they coexist with plants. 

They are symbionts that spread horizontally. Throughout their life cycle, 

rhizobia come into contact with a diverse array of microorganisms that alter 

their fitness and symbiotic performance (Agudelo et al., 2023).  

It was discovered that Rhizobium strains with truncated or full life cycles were 

identified to originate from a diverse range of host plants. The former type, 

present in strains of garden flowers and some wild legumes, had septate and 

branched bacteroids within the nodule; both big, sometimes Gram-positive 

forms that resembled Bacillus and generated specialized, coceoid swarmers and 

resistant endospores, as well as tiny, Bacterium-like forms that infected the host 

plant, were among the free-living stages. (Bisset, 1952). 

After the German scientist Beijerinck discovered rhizobia, Beijerinck 

noted in his research on pure bacterial culture that pure cultures consist of rod-

like cells of 1-4 microns in size, coccoid cells of 0.18- 0.4 microns and 

bacteroids with large vacuoles. Bewley and Hutchinson (1920) reported that 

rhizobia proliferate by the development of coccoids inside of rod-like cells. 

They go over the five different kinds of cells and their life cycle sequence. 

Small non-motile coccoids are released by banded rods and grow bigger to 

become larger non-motile coccoids. These grow longer to become tiny, ovoid 
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motile cells, which later transform into longer, motile rods without bands. The 

cycle is finished when the stainable material rounds off to create tiny coccoids. 

Although it was discovered that external factors affected the cocci's creation 

within the rods and changed their motile state, the development process was 

thought to be intrinsic and normal (Lewis,1938). 

Rhizobia seem to gain a lot from symbiosis in terms of fitness. While 

rhizobial populations in soil seldom increase throughout  years, a uniq rhizobial 

cell in a legume root nodule has the ability to replicate up to a million times. 

Rhizobial populations increased by 2.5 × 105 cells per g of soil during soybean 

nodule senescence.  Cultivars that nodulate poorly with the target strain yield 

lower gains, indicating that soil population growth is not due to stimulation of 

rhizosphere populations but rather to rhizobial escape from nodules (Figure 2). 

When this increase is multiplied by 2 x 109 g soil (to plow depth) per hectare 

and divided by 2 x 105 plants per hectare, an estimated 2.5 × 109 rhizobia per 

plant are discharged. Each plant has twenty-five nodules, with one founder cell 

in each nodule. A few months after each rhizobial cell nodulates soybean, an 

estimated 108 offspring will emerge in the soil; this represents 10 to 100% of 

the 108 to 109 rhizobia in each soybean nodüle. (Denison and Kiers, 2011). 

 
Figure 2. Life cycles of rhizobia (Denison and Kiers, 2011). 
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To show that there are several infection strains present in a single plant, different colors are 

assigned to each strain.  (A) Top: Rhizobia usually infect hosts by root hairs, but occasionally 

they can also produce persisters in response to chemical cues from predators and high densities 

of competing populations. (B) Middle: To sustain N2 fixation, bacteroids that were once within 

root nodules must obtain carbon from plants. If too much carbon is diverted to stored 

polyhydroxybutyrate granules, a material that might increase rhizobial fitness, it could have 

negative effects on the host. (C) Bottom: Future competition between strains that break out from 

the same plant might undermine cooperation. 

 

3. SYMBIOTIC NTROGEN FİXATİON İN LEGUMES 

When the Papilionoideae (a subfamily of the Fabaceae) experienced 

genome duplication, the symbiosis first emerged, around 58 million years ago. 

Remarkably, the genes implicated in signaling appear to have been engaged in 

the symbiotic association with mycorrhiza at first. Therefore, it appears that the 

legumes were only able to initiate this nearly unique symbiotic interaction with 

rhizobia because of the whole genome duplication, which made genes 

accessible to carry out this novel role in communication (Bruning and Rozema 

2013). 

A successful completion of many phases is necessary to establish a 

completely functional symbiosis. These activities include the development and 

function of root nodules, the portion of the plant that fixes nitrogen, and the 

transfer of recognition signals between bacteria and plants. During the first 

stage of mutual sensing between the two species, the plant releases nutrients 

such as organic acids and amino acids along with flavonoids through its root 

exudates. Rhizobial nod genes are triggered by flavonoids secreted by the host 

plant into the rhizosphere. This initiates a complex communication cascade that 

results in a calcium spike in the root hairs. As a result, the plant produces what 

are known as infection threads, which are tubular structures that allow rhizobia 

to penetrate root hairs and get entangled in the curling roots. The formed nodule 

tissue is subsequently invaded by the infection threads. In the end, the 

peribacteroid membrane (PBM) that surrounds the invasive bacteria is 

produced via a form of endocytosis that takes place inside the plant cell. The 

bacteria develop into bacteroids that can convert air nitrogen to ammonium, 

and when plant and bacterial metabolism increase, the resulting symbiosomes 

flood the cytoplasm of the plant cells (Garg and Geetanjali, 2009).  
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3.1. Nodulation in Legumes 

Plants in the Leguminosae family can form a nitrogen-fixing symbiosis 

with Rhizobia (Boivin, 1997). Rhizobia are soil bacteria that are members of 

the Rhizobium, Azorhizobium, and Bradyrhizobium genera. Both of them are 

capable of puncturing legume roots and causing morphological responses that 

lead to the formation of nodules (Pueppke, 1996). Rhizobia govern legume 

nodulation by means of a set of bacterial nodulation (nod) genes that are 

involved in the production of lipo-chitooligosaccharides (Nod factors), which 

serve as signaling molecules for nodulating certain legume hosts. The nodABC 

genes are found in all rhizobia because they are responsible for synthesising the 

basic building blocks of the Nod factors (Moulin et al., 2001).  

Sensitive root hairs are seen in the Zone of Nodulation (ZON) at the time 

of inoculation; Autoregulatāon of Nodulatāon (AON) produces a nodulation 
phenotype in which most nodules form near the root system's crown. 

Nodulation has a pattern to it. Some ideas propose that AON inhibits cortical 

cell divisions by slowing them down in order to prevent nodulation from 

happening early in the division process. Figure 3 shows the nodulation stages 

(Reid et al., 2011).  

 

 
Figure 3. A working model of root and shoot mechanisms in autoregulation of 

nodulation (AON) (Reid et al., 2011). 
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As seen in Figure 3, legumes control nodulation in response to soil 

nitrogen levels and pre-existing illnesses. Nitrate in the root activates NARK 

(B), the AON receptor kinase, or the animal orthologues of these enzymes. 

Consequently, the production of a nitrate-induced CLE peptide (NIC1; A) 

occurs, which limits nodule development locally (C). NARK may be able to 

identify NIC1 through collaboration with other elements. Rhizobia-induced 

CLE peptides (RICs) can be transferred throughout the nodule's growth via 

xylem (D). NARK, maybe CLV2, KLV, and CRN (E) are required for the shoot 

to recognize these potential ligands. Following the phosphorylation of two 

kinase-associated protein phosphatases (KAPP1/2) by NARK, NARK kinase 

(F) is dephosphorylated. It's probable that the production of the shoot-derived 

inhibitor (SDI; G) requires phosphorylation balance between these 

components. The phloem carries SDI to the roots, where it inhibits further 

nodule development and cell division (H). It's probable that the nitrate route, 

which prevents nodule growth locally, also involves a substance that is 

comparable to SDI (Reid et al., 2011).  

Nodulation is initiated by a signal exchange between the symbiotic 

partners. Rhizobia starts the process by identifying exudates from plant roots, 

mostly flavonoids. These molecules then activate the nodulation (nod) genes, 

which cause lipo-chitooligosaccharidic Nod factors (NFs) to be produced and 

released. When NFs are found in the root epidermis, LysM-type receptor-like 

kinases (RLKs) in the epidermis initiate a signaling cascade that promotes 

infection and cortical cell proliferation. Both nodule initiation and NF 

production are heavily reliant on the exacting structural specifications of both 

signal molecules. The majority of examined legumes, including the model 

legumes, have root hairs that allow bacteria to enter. The root hairs react to the 

NFs by influxing Ca2+ at their tip and then effluxing Cl– and K+ right away. In 

order to capture a bacterial colony, these ion fluxes cause the root hairs, also 

known as shepherd's crooks, to distort and curl. The only root hairs that are 

sensitive to NF perception are the young, growing ones in a small area directly 

above the root tip. The tubular structures called intracellular infection threads, 

which are formed from plants and guide rhizobia into the underlying cortical 

cell layers, are characterized by localized hydrolysis and root hair cell plasma 

membrane invagination. Before the incoming threads, cortical cells 

dedifferentiate, divide, and create a nodular primordium. Decisive or 
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indeterminate nodules are produced by nodules that emerge from the inner or 

outer root cortex, depending on the legume host. An infection zone containing 

cells with proliferating infection threads that discharge bacteria into plant cells' 

cytoplasm is found after the meristem. Symbiosomes, which resemble 

organelles, are created when the bacteria are absorbed and become enclosed in 

a plant-derived peribacteroid membrane. Within the fixation zone, the 

bacteroids that fix nitrogen are developed from the bacteria in the 

symbiosomes. cells (Mortier, 2012).  

Different plant species may have different nodule sizes and shapes. 

Large, rounded nodules are typically seen on clover plants (Trifolium spp.) 

soybeans (Glycine max), faba beans (Vicia faba) and  Alfalfa (Medicago) have 

smaller, more elongated nodules.  Certain plant species possess nodules that are 

more asymmetrically formed. Leghaemoglobin is a pigmented protein found in 

actively N-fixing nodules. The presence of it causes the inside of nodules to 

become red, signifying the presence of living, active bacteria. The majority of 

dead, inactive, and selenium nodules have a brown or greyish-green color.  Four 

to six weeks after seeding, nodules start to show signs and peak in activity 

around the time of flowering. At plant maturity, which occurs after blooming, 

the roots and nodules are senescent in the fall and some have begun to 

decompose. Nitrogen fixation may continue all season long after the perennial 

crop, such as clover ley, is harvested. In April, perennial legumes begin a new 

round of nodulation. (Pommeresche and Hansen 2017). 

 

                     

Figure 4. Active and non active nodules (Pommeresche and Hansen 2017). 
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Figure 5. Diversity of legume root nodules (Foto by. Malina T.); (a) Lentil, (b) 

Alfalfa, (c) Pea, (d) Common bean, € Soybean, (f) Kidney bean, (g) Cowpea (h) 
Pigeon pea 

 

Table 4. List of a Few Rhizobium species and their corresponding hosts (Dashora, 

2011).  
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3.2. Nitrogen Fixation in Legumes 

Rhizobia, the symbiotic microbes found in root nodules, have the ability 

to absorb gaseous nitrogen (N2) from the atmosphere and "fix" it into molecules 

that the plant can absorb, such as amino acids or ammonia. Dicarboxylic acids, 

a source of carbon, are given to the rhizobia by the plant as payment (Soussi et 

al., 1999). The nitrogen-fixing enzyme, nitrogenase, is irreversibly destroyed 

when it comes into contact with oxygen. Leghemoglobin, a protein that 

resembles human hemoglobin, is produced by the plant in order to provide 

oxygen to the rhizobia in the nodules. This protein often lends pink color to 

functional nodules. (Bruning and Rozema, 2013). Because of this symbiotic 

relationship, a variety of regulatory systems have developed specifically to 

maximize a plant's N-demand in combination with its nodule activity. Among 

these procedures are the following ones: Reactive nitrogen species (RNS) and 

reactive oxygen species (ROS) are produced; leghemoglobin (Lb) regulates the 

supply of oxygen to nodules and limits O2 diffusion through a physical barrier 

called the oxygen diffusion barrier (ODB); molecular control is achieved by 

adjusting the number of nodules and N2 activity. Complex regulatory 

mechanisms, such as those that govern the network of expressed genes and the 

nutrient-dependent cellular metabolism in the bean plant's shoot through 

sensing and long-range signaling cross section, underpin these activities. 

(Schwember et al., 2019).  

In terms of chemistry, BNF is basically the nitrogenase-catalyzed 

conversion of dinitrogen (N2) to ammonia. 

The catalyzed reaction can be shown as follows: 

 

Although the N2 fixation process is undoubtedly far more complicated than this, 

the biological reaction identifies the essential components and highlights the 

crucial conditions. It shows the dual demand for lowering potential as well as 

the significant energy requirements for ATP. It also implies that a method of 

using ammonia is required in order to neutralize the alkalinity produced at the 

same time (Saikia and Jain, 2007). 
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Nitrogenase, the enzyme in charge of fixing nitrogen dioxide, is 

exclusive to prokaryotes. It is made up of two metalloproteins that are 

permanently damaged when they come into contact with oxygen. After being 

activated by MgATP, the Fe-protein provides electrons, and the MoFe-protein 

binds N2. Nitrogenase can reduce substrates including acetylene, azides, and 

cyanides, and this capacity has been used to gain vital information. H2 is 

generated during the reduction of N2 to NH3, and it can become the only 

reaction in the absence of N2. MgATP in sufficient amounts are necessary for 

all of these processes. One major physiological restriction on the usage and 

distribution of nitrogenase is its sensitivity to oxygen; other significant 

restrictions include the presence of metals and the need for ATP. Nitrogenase 

production and occasionally its function is regulated by O2 and NH3 (Postgate, 

1982). 

The process of atmospheric dinitrogen conversion to ammonia, which 

is necessary for biological nitrogen fixation, is catalyzed by the nitrogenase 

enzyme system and requires ATP.  The two constituent metalloproteins that 

make up nitrogenase are the MoFe-protein, which associates electron transfer 

with ATP hydrolysis by using the FeMo-cofactor as its active site, and the Fe-

protein. The fundamental mechanism of nitrogenase is as follows: Until enough 

protons and electrons are collected to allow the reduction of accessible 

substrates, this cycle is repeated. (i) The MoFe-protein and two bound ATP 

combine with the reduced Fe-protein to create a complex. (ii) The hydrolysis 

of ATP is connected to the transfer of electrons between the two proteins. (iii) 

The Fe-protein dissociates and swaps ATP for ADP in tandem with re-

reduction (facilitated by ferredoxins or flavodoxins). Nitrogenase is a catalytic 

enzyme that not only reduces protons to dihydrogen but also to non-

physiological substrates like acetylene, which are tiny molecules that often 

include unsaturated bonds. The total reaction stoichiometry of the process 

catalyzed by nitrogenase is currently unclear. These uncertainties might be 

represented by the following equation (Figure 6) (Rees et al., 2005).  
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Figure 6. Schematic of the nitrogenase turnover cycle (Rees et al., 2005) 

 

The diagram shows the following steps of the nitrogenase turnover cycle: 

Reduced substrates occur after the MoFe-protein returns to the resting redox 

state (right), electrons move from electron carriers like ferredoxin (Fd) or 

flavodoxin (Fld) to the Fe-protein (left), and electrons move from the Fe-protein 

to the MoFe-protein in relation to ATP hydrolysis (center). 

 

4. EFFECT OF SOME ENVIRONMENT FACTORS ON 

NITROGEN FIXATION IN LEGUMES 

Every known habitat exhibits the phenomena of biological nitrogen 

fixing. The Rhizobium strain, the host plant's genotype, and the interactions 

between the symbionts and the pedoclimatic variables and ambient 

circumstances all have an impact on symbiotic nitrogen fixation. Because they 

stop rhizobia from colonizing the soil and the rhizosphere of legumes, pH 

extremes have an impact on nodulation. Nodulation is more impacted by 

extremely acidic soils (pH<4.0) than by host-plant development and nitrogen 

fixation; these soils also typically contain low levels of calcium, phosphorus, 

and molybdenum, as well as significant amounts of aluminum and manganese, 

which can occasionally be toxic to both partners. High levels of sodium 

chloride, bicarbonate, and borate are commonly found in highly salinized, very 
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alkaline (pH>8.0) soils, which inhibit nitrogen fixation. Although nodulation 

and N-fixation can occur at a wide range of temperatures, the optimal range is 

between 20 and 30°C.  In temperate legumes, elevated temperatures can impact 
the form and function of nodules, as well as postpone their beginning and 

development. However, the efficacy of nitrogen fixation is the primary 

influence on tropical legumes (Bordeleau and Prévost, 1994).  
Lower root temperatures, under ideal circumstances, are more successful 

in preventing root hair infection than they are at promoting nodule initiation, 

nodule growth (including the formation and degeneration of bacteroid tissue), 

or nitrogen absorption. Warm temperatures at the roots speed up the breakdown 

of bacteroid tissue and prevent it from growing. Compared to temperate 

species, tropical and subtropical legumes require greater minimum 

temperatures for the development of nodules. Nodulation and nitrogen fixation 

are affected by both high and low shoot temperatures, albeit not to the same 

extent as they would be at equivalent root temperatures (Gibson, 1971).  

Rhizobia population declines during the dry season are probably the 

cause of poor legume nodulation in desert soils. Consequently, fixation also 

tends to decline as legumes mature, mostly because to the concurrent rise in 

soil N lack of calcium, whether or whether low pH is a complicating factor, 

also influences rhizobia's adherence to root hairs. It's possible that rhizobia can 

withstand differing levels of soil acidity than the host plant. On the other hand, 

it has also been demonstrated that high root temperatures affect bean 

development, N2-fixation capacity, and infection (Mohammadi et al., 2012).  

In salty environments, the majority of legumes exhibit stunted 

development, fewer root hairs, and more frequently malformed root hairs. Since 

nodule formation depends on normal root hair growth, the initial inhibitory 

effect of salt is precisely this. Successful nodulation also requires a large 

population of rhizobia, and there is evidence that rhizobia count decrease in 

salinity. Figure 7 illustrates how various legumes react to salt (Bruning and 

Rozema, 2013). 
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In greenhouse trials, N fertilization decreased BNF by around 70% 

compared to the unfertilized control, whereas in field experiments, it decreased 

BNF by approximately 44%.  Applications for the vegetative stage had a greater 

impact than those for the reproductive stage. In comparison to the unfertilized 

treatments, BNF was boosted during fertilization with more nutrients. 

Compared to the unstressed control, water stress decreased BNF by 40%. When 

water stress was given during the vegetative (-70%) as opposed to the 

reproductive (-30%) stages, the detrimental effects were greater. As applied 

during the vegetative stage, flooding had the greatest effect, reducing BNF by 

40% as compared to the non-flooded control (-82%). BNF nitrogenase activity 

decreased with increasing temperature. Enhancement with carbon dioxide has 

a stimulating impact on BNF. Soybean and Rhizobium fitness demonstrated a 

strong positive association across nutrients and environmental conditions, with 

the exception of N fertilization (Kirova and Kocheva, 2021). 

Nitrogen is the most important mineral fertilizer for crop yield, followed 

by phosphorus (P). Poorly soluble mineral phosphates make up a significant 

portion of soil P at any given moment. For nodulation, a strong phosphorus 

supply is required. Legumes that rely on symbiotic nitrogen may therefore 

experience a nitrogen shortage if they do not get enough phosphorus.  Rhizobia 
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need certain proteins for N2 fixation, and copper is one of those proteins. In 

underground clover, a Cu deficit reduced nitrogen fixation. A number of 

important nitrogenase complex enzymes, the electron transporter ferredoxin, 

and some hydrogenases all require iron. Legumes have an especially high iron 

demand because of the heme component of hemoglobin. Since molybdenum is 

an essential element for nitrogenase, a high molybdenum requirement applies 

to all N2-fixing methods. Due to molybdenum insufficiency, legumes that rely 

on N2 fixation often have nitrogen shortfalls. This is especially true in acid 

mineral soils that are common in humid and subhumid tropical regions.  The 

discovery that a nickel-dependent hydrogenase is active in a variety of rhizobial 

bacteria has verified the unique function of nickel in nitrogenfixing bacteria. 

Cobalt is a crucial mineral component needed for the production of 

leghemoglobin and, consequently, for the development of legumes, which fix 

nitrogen in a symbiotic manner. It is well known that Rhizobium and other N2-

fixing bacteria, whether or not they grow inside nodules and whether or not 

they get their nitrogen from mineral nitrogen or N2 fixation, always need cobalt 

(Weisany and Allahverdipoor, 2013). 
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INTRODUCTION 

A significant part of plant-based proteins is provided by legumes. Edible 
legumes belonging to the Leguminosae family have an important place in 
human nutrition due to their high protein content (18-36%) and amino acids. 
Edible legumes; They are valuable plants in many aspects such as animal 
feeding, crop rotation, narrowing of fallow areas, nitrogen fixation to the soil. 
The nitrogen fixation in the soil by legumes is accomplished through rhizobium 
bacteria, which are capable of forming a symbiotic relationship with 
leguminous plants. These microorganisms infect the roots of leguminous plants, 
enabling them to fix atmospheric nitrogen into the soil. This symbiotic 
relationship between legumes and rhizobium, based on mutual benefit, is 
essential for humanity in many respects. This nitrogen, which is biologically 
fixed to the soil, is one of the most important nutrients necessary for plants. 
During biological nitrogen fixation, there is no environmental pollution, and no 
consumption of fossil-derived energy occurs. For these reasons, biological 
nitrogen fixation is one of the significant issues to be addressed for a sustainable 
world.  To better understand symbiotic nitrogen fixation, it is necessary to have 
a good knowledge of both legumes and rhizobium bacteria, as well as the 
physiology and chemistry of symbiotic life. This section explains the 
relationship between legumes and rhizobium bacteria. 

 

1. NITROGEN AND NITROGEN FIXATION 

After carbon, hydrogen and oxygen, nitrogen is the most abundant 
element in plants. Nitrogen, which is high in the atmosphere (78%), is among 
the nutrients most needed by plants. Nitrogen, which is the building block of 
protein in plants; is found in the structure of chlorophyll, enzymes and vitamins. 
However, plants cannot directly utilize nitrogen from the atmosphere. In order 
for living things to use nitrogen gas (N2) in the atmosphere, the triple bond 
between nitrogen molecules must first be broken. Reducing this triple bond to 
form a double bond and combining nitrogen with hydrogen and oxygen are 
essential steps. This process is called "nitrogen fixation". Nitrogen fixation in 
the soil occurs in three ways: industrial, atmospheric, and biological. Higher 
organisms, including plants, are autotrophic organisms capable of synthesizing 
their organic compounds from inorganic nutrients obtained from their 
environment. The assimilation of certain nutrients such as nitrogen and sulfur 
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requires complex biochemical reaction series that demand the most energy in 
living organisms. The fixation (binding) of atmospheric nitrogen gas (N2) by 
microorganisms is referred to as biological nitrogen fixation. It is reported that 
175 million tons of nitrogen are fixed annually by biological nitrogen fixation 
(Sarıoğlu et al., 1993). 

 

Non-Symbiotic Nitrogen Fixation 

Only certain bacteria, blue-green algae, and fungi can directly benefit 
from atmospheric nitrogen. Bacteria capable of using atmospheric nitrogen 
directly are Rhizobium, Clostridium, Azotobacter, Klebsiella, Bacillus, 
Amylobacter, blue-green algae are Anabaena, Nostoc, Calothrix, Oscillatoria 
and fungi are Mycorrhiza. The fixation of nitrogen in this way is called “non-
symbiotic nitrogen fixation”. With free-living bacteria, 10-40 kg/ha of nitrogen 
can be bound from the atmosphere every year and converted into a form useful 
to plants (Brohi et al., 1997). 

 

Symbiotic Nitrogen Fixation 

If nitrogen fixation to the soil is done with symbiotic living bacteria, this 
is called “symbiotic nitrogen fixation”. With symbiosis, nitrogen is provided to 
the host plant by the microorganism, while nutrients (carbohydrates) are 
provided to the microorganisms by the host plant. Among the known symbiotic 
microorganisms are Actinomycetes and Rhizobiums. Among these 
microorganisms, rhizobium bacteria select their host plants and form a 
symbiotic life with plants belonging to the leguminosae family. They perform 
symbiotic nitrogen fixation by forming nodulation in the roots of legume plants 
(Uyanık et al., 2011). Another common type of symbiosis is between soil 
bacteria of the genus frankia and a few woody plant species known as 
actinorhizal plants, such as alder. Other types of symbiosis involving nitrogen 
fixation include the associations between the Gunnera and the cyanobacteria 
Nostoc and Anabaena with the aquatic fern Azolla. In agriculture, rhizobium 
bacteria that form symbiotic relationships with leguminous plants are the most 
important nitrogen (N2) fixers. Therefore, the relationships between legumes 
and rhizobium will be detailed in the following section. 
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2. LEGUMES (LEGUMINOSAE) 
The legume (leguminosae) family is a large family that typically includes 

herbaceous plants, along with shrub and tree species. There are about 700 
genera and 18000 species. Shrubs, annual herbaceous plants, and perennial tree 
forms have spread worldwide. (Şener et al., 2022). Legumes are used in many 
areas such as human and animal nutrition, pharmaceutical industry, cosmetics, 
dyeing and gum industry. In addition to wide distribution of legumes 
worldwide, 150 legume species are of great economic importance (Adak, 
2021). Broad beans (Vicia faba L.), peas (Pisum sativum L.), cowpea (Vigna 
sinensis L.), beans (Phaseolus vulgaris L.), lentils (Lens culunaris Medik.) and 
chickpeas (Cicer arietinum L.) are used as edible legumes among legume 
species (Akçin 1988).  

In 2020, the cultivation area of edible legumes worldwide was 79 million 
572 thousand hectares, with a production quantity of 78 million 381 thousand 
tons (Kadakoğlu and Karlı, 2022). Edible legumes, which are produced in very 
large areas, are very important in terms of human nutrition, animal nutrition and 
crop rotation. In the world and in Turkey, edible legumes have an important 
place in human nutrition for thousands of years as the main source of plant-
based protein (Akova, 2009). Dry grains of edible legumes contain high-quality 
plant-based protein (18-36%), which is twice as high as cereal grains. Proteins 
in edible legumes are poor in methionine amino acid and very rich in lysine 
amino acid. The proteins in edible legumes are considered equivalent to animal 
protein in terms of lysine, an essential amino acid found in very low levels in 
cereals (Pekşen and Çok, 2005). The degree of digestibility of plant-based 
proteins in edible legumes is quite high. Additionally, they are rich in vitamins 
A, B, C, and D, as well as minerals such as calcium (Ca), iron (Fe), potassium 
(K), and phosphorus (P). Due to their high nutritional value, edible legumes are 
crucial for human nutrition. 

Edible legumes live a symbiotic life with rhizobium bacteria, fixing the 
free nitrogen of the atmosphere. This nitrogen, which is fixed in a symbiotic 
way, binds to the soil and the soil is enriched with nitrogen. Through symbiotic 
nitrogen fixation, legumes provide approximately 70% of the nitrogen they 
need. Although it varies according to the varieties and growing conditions; 
edible legumes fix nitrogen to the soil in the range of 5-20 kg/da annually 
(Önder, 2014). 
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3. RHIZOBIUM 

Rhizobium is a genus of bacteria belonging to the rhizobiaceae family. 
Rhizobiums are aerobic, gram-negative, and rod-shaped bacteria.  In 1888, 
Beijerinck isolated organisms responsible for N2 fixation in leguminous plants 
and named them Bacillus radicicola. This name was later changed to 
"rhizobium" (İsmaillebioğlu, 1980; Paul and Clark, 1989). These bacteria 
colonize the roots of plants by entering them and form colonies in the shape of 
root nodules. Through nodules, atmospheric nitrogen gas (N2) is converted to 
ammonia (NH3). This formed ammonia provides the plant with organic 
compounds (glutamine and ureides). In return, the plant supplies the bacteria 
with organic compounds resulting from photosynthesis (Sawada et al., 2003).  
There are differences between the morphology and physiology of rhizobium in 
its free-living state and in the bacteroid state within nodules. The rhizobium 
genus includes the genera Allorhizobium sp., Azorhizobium sp., 
Bradyrhizobium sp., Mesorhizobium sp., and Sinorhizobium sp. (Vance, 2001).  

 

4. LEGUME – RHIZOBIUM RELATIONSHIPS 

The ability of a specific rhizobium species isolated from the nodule of 
any legume plant to form nodules in other legume plants from which it was 
isolated is called "cross-inoculation." The legume species and cross-inoculation 
groups are shown in Table 4.1. 

 

Table 4. Rhizobium cross-inoculation strains 

Genus/type of bacteria Host plant 
Rhizobium leguminosarum biovar. viciae Vetch, lentils, peas 

biovar. phaseoli Bean 

biovar. trifolia Clover 
Rhizobium meliloti  Alfalfa, melilot 
Bradyrhizobium japonicum  Soybean 

Bradyrhizobium lupinus  Lupine 

Bradyrhizobium arachis  Peanut 
 

Rhizobium bacteria exist freely in the soil. As a result of the signal sent 
by the host plant, the bacteria infect the host plant. In the period before the 
bacteria and the legume plant establish a symbiotic relationship, signals are sent 
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from the root zone of the plant to stimulate the bacteria. The presence of specific 
genes is necessary for signal formation, the process of infection and the 
development of nodules, both in the host and in the bacteria.  There are 17 
nitrogen fixation genes in bacteria. These genes are known as "nod and nif" 
genes. While nodA, nodB, and nodC genes are present in all rhizobium strains, 
genes like nodD, nodE, nodL, nodP, nodQ, and nodH show variations among 
rhizobium species. Nif genes are responsible for the synthesis of the nitrogenase 
enzyme, the electron transport required for the binding of molybdenum and iron 
to the nitrogenase enzyme, the protection of nitrogenase from oxidation, and 
the regulation of the activity of nitrogenase according to the amount of nitrogen 
in the environment (Ahemad and Kibret, 2014).  Biological nitrogen fixation is 
a process carried out through the enzyme nitrogenase (Santi et al., 2013). The 
nitrogenase enzyme consists of iron (Fe)-containing dinitrogenase reductase 
and molybdenum (Mo)-containing dinitrogenase. Dinitrogenase reductase is 
involved in electron transfer and utilizes the received electrons to reduce 
nitrogen gas (N2) to ammonia (NH3) (Santi et al., 2013).  

The first stage in the formation of a symbiotic relationship is the 
movement of free-living bacteria in the soil towards plant roots. This action is 
triggered by chemical stimulants such as flavonoids and betaines released from 
plant roots. The bacterium, stimulated by the chemical released from the plant, 
activates the nodD gene. The nodD gene, in turn, activates other nod genes. As 
a result of the biosynthesis of host-specific node genes, legume-rhizobium 
pairing is completed. Tryptophan released from the roots of leguminous plants 
is converted to indoleacetic acid (IAA) by rhizobium bacteria. Through IAA, 
legume roots elongate, curl, and weaken the cell walls of the roots, facilitating 
the infection of the legume root by the bacterium (Oldroyd and Downie, 2008). 
Rhizobium enters the plant cell through the tip of the weakened root hair. The 
root hair cells of the plant curl abnormally and bacteria multiply in this fold. 
Subsequently, absorbent hairs form a thread-like structure thought to be 
continuous with cell wall components, known as the infection thread. This 
thread generally reaches the base of the absorbent hair cell 48 hours after 
infection (Paul and Clark, 1989). The multiplying bacteria spread from the 
growing tip of the infection thread to the host cell cytoplasm, where they take 
on the bacteroid form, and nitrogen fixation occurs in this form (Haktanır and 
Arcak, 1997; Kaçar and Katkat, 2006). At this stage, legume roots have budded, 
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forming nodules.  These nodules are pink due to a protein called 
leghemoglobin. Leghemoglobin, which is formed as a result of symbiotic life, 
is responsible for carrying oxygen to the nodules from the outside. In addition, 
leghemoglobin maintains the amount of oxygen at the level at which the 
enzyme nitrogenase can be active. 

 

Nutrient Translocaiton and Nitrogen Fixation 

A symbiotic life begins with the exchange of nitrogen fixed by bacteria 
and nutrients provided by the plant. Bacteria produce ammonium by reducing 
the free nitrogen of the air. In the formula given below, N2 is reduced to 
ammonium through the enzyme nitrogenase. Bacteria provide the energy 
required for nitrogen fixation from plants. Sugars synthesized during 
photosynthesis in plant leaves are transported to the roots or used as electron 
donors for nitrogen fixation, either directly or by converting them into organic 
acids (Brock, 1974). 

 

N2 + 8e- + 8 H+ + 16 ATP → 2 NH3 + H2 + 16 ADP + 16 Pi 

 

To avoid the toxicity of ammonia released by symbiotic nitrogen-fixing 

prokaryotes, it must be rapidly converted to organic forms in root nodules 

before it can be transported to the stem via xylem. The mechanism known as 

the glutamine synthetase-glutamate synthase pathway is responsible for the 

entry of ammonia into organic structures (Marschner, 1995). In chloroplasts, 

glutamine synthetase transfers the newly formed NH4
+ to glutamate by 

consuming ATP, and as a result of this transfer, glutamine is formed. Nitrogen 

is transported in amide or ureide form, depending on the composition of the 

xylem sap. In peas, chickpeas, and lentils, nitrogen is transported in the form of 

asparagine or glutamine (amide), while in plants like soybeans and beans, it is 

transported in the form of ureide (Marschner, 1995).  

 

FACTORS AFFECTING NODULE FORMATION AND 

NITROGEN FIXATION 

Microorganisms in the soil are greatly affected by environmental 

conditions Under ideal conditions, they proliferate rapidly, while in unfavorable 

conditions, they strive to survive. Nodule formation and nitrogen fixation are 
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affected by many factors. Soil nutrient elements, chemicals, physical and biotic 

factors have effects on the survival of bacteria, the formation of nodules, the 

fixation of nitrogen and the development of the plant. Deficiency or excess of 

any nutrient element in the soil can directly or indirectly affect fixation. For 

example, a low amount of nitrogen in the soil promotes nodule formation, while 

high nitrogen doses negatively impact nodulation, reducing nitrogen fixation. 

Therefore, nitrogen fertilization is applied to leguminous plants in small 

amounts. With a small amount of nitrogen fertilizer, the plants are provided 

with the necessary nitrogen until the nodule is formed. Nitrogen in small 

amounts in the soil increases of nodule numbers and nitrogen fixation. 

Phosphorus is effective in accelerating the formation of nodules, increasing the 

size and number of nodules by increasing the root development of plants and 

the activity of rhizobium bacteria. Iron (Fe) and molybdenum (Mo) are 

particularly important for nitrogen fixation due to their presence in the structure 

of the nitrogenase enzyme. If molybdenum is not found in the environment, 

nodules may form, but nitrogen fixation cannot occur. For effective nitrogen 

fixation, it is necessary for all nutrient elements to be present in sufficient 

quantities in the environment. 

Soil pH and temperature are also crucial for the free-living existence of 

rhizobium bacteria, their ability to form nodules, and nodular activity. 

Rhizobium bacteria need to have a soil pH between 4.6 and 8.5, and they 

reproduce best in soils with a pH of 6.8 (Singleton et al., 1982). In addition, Ca, 

Mg and Mo deficiencies can be seen in acidic soils. In acidic soils, Al and Mn 

have a toxic effect on the plant and root development is adversely affected. Like 

soil pH, soil temperature also affects microbial activity. Low and high 

temperatures have adverse effects on nodulation and fixation. In addition, soil 

moisture and soil aeration also affect fixation. Rhizobium bacteria are sensitive 

to both drought and excessive water. In cases where soil aeration is poor, nodule 

development weakens. 

The compatibility of the bacterial strain and the legume plant also has an 

effect on nitrogen fixation. If legumes are to be grown in an area where legumes 

have not been cultivated before, it is necessary to inoculate with the suitable 

bacterial strain that specific to that plant species. There may be bacteria that 

live freely in the soil and have the ability to infect that plant. However, because 

the density of these bacteria in the soil and their exact compatibility with the 
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plant are unknown, inoculation is the most accurate option. Although some 

rhizobium bacteria have the ability to infect multiple leguminous plant species, 

they may not exhibit the same nodulation and nitrogen fixation capabilities in 

every plant. For effective nitrogen fixation, it is crucial for root infection to be 

robust, for there to be compatibility between rhizobium and the host plant, and 

for the rhizobium bacteria to compete successfully with other microorganisms 

in the soil. In light of the information provided above, it can be said that the 

compatibility between legumes and rhizobium is significant. 

 

CONCLUSION 

The symbiotic relationship between legumes and rhizobium is not 
obligatory. Seeds of leguminous plants can germinate and develop into adult 
plants without any bacteria. The plant can sustain its life without rhizobium. 
Rhizobium bacteria also live freely in the soil. Symbiosis life begins with the 
exchange of signals of the rhizobium and the plant. In soil conditions where 
nitrogen is limited, symbionts find each other through signal exchange. The 
infection process following this signal formation and the development of 
nodules in which nitrogen is fixed require the presence of special genes in the 
symbionts. Thanks to these specific genes, a matching occurs between a 
suitable host for rhizobium and a suitable rhizobium bacterium for the host. 
Despite not being obligatory for each other, this symbiosis takes place. Through 
symbiotic life, atmospheric nitrogen is fixed in the soil and most of the nitrogen 
needed by the legume plant is met.  

In 2020, legume cultivation was carried out on an area of 79 million 572 
thousand hectares.  Thanks to the legume-rhizobium symbiosis, an average of 
5-20 kg of nitrogen per decare is fixed in the soil annually. Worldwide, 
approximately 4 million to 15.9 million tons of nitrogen are fixed in the soil 
annually through legume cultivation alone. The total industrial ammonia 
production required for nitrogen fertilizer production in the world is 114 million 
tons (Anonymous, 2018). Between 2.85-7.1% of the total industrial nitrogen 
produced in the world is fixed in the soil by legume agriculture. This amount is 
significantly important and should not be underestimated. To fix this amount of 
nitrogen into the soil industrially, a substantial amount of energy is required. As 
a result of the Covid19 pandemic and today's wars, we are facing an energy 
crisis. Since industrial nitrogen fixation is a completely energy-dependent 
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sector, production has been disrupted. In addition to the problems in the 
fertilizer industry, the importance of nitrogen fixation in natural ways is once 
again emerging in this period when sustainable and ecological agriculture is on 
the agenda intensively.  

In conclusion, the non-obligatory symbiotic relationship between 
legumes and rhizobium bacteria, along with its biology, physiology, and 
chemistry, has been briefly explained in this chapter.  Furthermore, the 
economic and environmental significance of this symbiotic relationship has 
been elucidated. Substantial nitrogen acquisition can be achieved through 
symbiotic nitrogen fixation. Supporting the cultivation of leguminous plants in 
fallow areas will not only increase production but also introduce biologically 
fixed nitrogen into the soil. Additionally, inoculating the soil with rhizobium 
bacteria will enhance nitrogen fixation through the host plant. Considering that 
the atmosphere is the most significant nitrogen source in nature, fixing 
atmospheric nitrogen into the soil through symbiotic nitrogen fixation is the 
least harmful, economical, and easily achievable method. Humanity must 
benefit from this non-obligatory symbiotic relationship for a more sustainable 
world. 
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INTRODUCTION 

Plant protection; these are the methods used to prevent and reduce the 

damage caused by disease factors like pests, weeds and other organisms that may 

cause damage to plants and their products in agricultural areas and to reduce their 

density below the economic damage level. For better quality and higher efficiency 

per unit area and increasing the economic income level is possible with plant 

protection (Lo Presti et al., 2015). Countries are came face to face with purchasing 

agricultural-based industrial products to meet their food necessity. Herbal products 

and various substances of plant origin move from country to country, so plants and 

herbal products cross national borders and spread all over the world in a very short 

time. Today, there is a fast and large scale plant exchange in the world. As a result, 

plant and plant product parts are spread to different places in a short time. Along 

with these dangerous diseases, pests and weeds are also spread around the World 

(Scharf et al., 2014; Ludwg Müller, 2015; Ryder and Talbot, 2015).  If precautions 

are not enough, uninfected countries and regions become infected with harmful 

pests, diseases or wees. These factors, which used to take a long time to spread 

now occur in a short time (Lo Presti et al., 2015).  Today, approximately 550 

diseases, pests and weeds that cause economic damage in more than 100 cultivated 

agriproduct grown in our country. People do not harvest what they have planted, 

they harvest what is left over from diseases, pests and weeds. The main purpose of 

the plant protection should be to share these crop-reducing plant protection factors 

without damaging the natural balance (Kadıoğlu, 2012). Agricultural control; it 
covers all kinds of activities carried out to prevent the negative effects of diseases, 

pests and weeds that cause product losses in plants and products.  

Agricultural control should be carried out in a way that does not harm human 

and environmental health and the natural balance. The aim of agricultural 

management is not to completely eliminate pests, but also to keep the density of 

pests below the level of economic damage (Anonymous, 2023a). If we talk about 

the classical control methods against plant protection factors, they can be grouped 

under the headings of cultural management, mechanical management, physical 

management, biological management and chemical management. Although some 

of them are within this scope, we can consider quarantine management, genetic 

and biotechnical methods and integrated combat as separate combat methods. 
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1. CULTURAL MANAGEMENT 

1.1. Growing strong and healthy plants, which are selected plants less 

affected by pests. 

1.2. Soil tillage is a cultural method that accelerates the development of the 

plant and ensures the development of a good root system and a strong one in order 

to grow strong and healthy plants. 

1.3. Fertilization, balanced and good fertilization contributes to a better 

development of the plant. It is necessary to use many types of organic and chemical 

fertilizers used for this purpose on the appropriate plant at the appropriate time and 

field. 

1.4. Infrequent cultivation is necessary for plants to be ventilated, exposed 

to light, to avoid pests and diseases, and to grow strongly. 

1.5. Irrigation and drainage, the plant is affected by too much or less water. 

Some pests reproduce through water. Drainage is important in soils that retain a 

lot of water. 

1.6. Using clean seeds, seedlings, saplings and other production materials 

are important in terms of diseases and pests. Plant seeds mixed with weed seeds 

causes unhealthy development. It is very important and necessary to use certified 

seeds in production. 

1.7. Rejuvenation and pruning causes some plants to develop vigorously and 

be less affected by pests and diseases. 

1.8. Useing sterile equipment, if the tools which are used in soil cultivation 

and pruning will be used elsewhere, they must be cleaned and disinfected. This 

prevents the pest and disease from being transferred to another plant. 

 1.9. Adjusting harvest time should not be done at a time that will cause 

excessive damage to the plant and cause product loss. 

1.10. Crop rotation, continuously growing the same plants in the soil can 

cause the soil to become tired. In addition, growing the same plant continuously 

may increase the density of diseases and pests. 

1.11. Destruction of plant residues and weeds is also very important. Disease 

infected branches must be colleted from fields for subsequent production. 
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2. PHYSICAL MANAGEMENT and MECHANICAL CONTROL 

It is the application of radiation and heat through mechanical methods to 

remove diseases and pests and prevent their formation. Disinfecting the soil with 

the help of solar energy called solarization which reduces population of nematodes 

and pathogens in the soil. It can be lined up like; to collect, to obstruct catch with 

traps, solarization, immersion in water, mulching, burning and take advantage of 

the heat.  

 

3. BIOLOGICAL CONTROL  

Biological control is the use of other living oraganisims that will reduce the 

population of pests instead of chemicals. These are studies carried out to keep the 

pest population under the economic damage threshold by using living organisms 

against pests and weeds in cultivated plants. Biological control: 

It protects the natural balance. 

It has no negative effects on the environment and human health. 

Management costs are reduced and economic savings are achieved. 

A product without drug residue is obtained. 

 

4. BIOTECHNICAL CONTROL  

Disrupting the normal characteristics of the pest by using some artificial and 

natural substances that are effective on the pest's biology, physiology and behavior. 

The struggle using some natural or artificial substances that have an effect on the 

life and behavior of pests is called biotechnical control. For this purpose, 

pheromones, sticky traps, light and water traps are used. Light traps, some insects 

are affected and attached to light. So prepared light traps help to catch the insects 

that head there. Traps may change according to insects. Sticky traps, some pests 

such as aphids and whiteflies can be controlled with yellow sticky traps, and thrips 

can be controlled with blue sticky traps. Pheromone traps, pheromone is a chemical 

substance secreted by insects that attracts the opposite sex to the source of smell. 

For example, it is used to catch insects in forest plants. 

 

5. CHEMICAL MANAGEMENT  

It is the reduction or elimination of pests and diseases by using chemicals. 

It is the most common and quickest method among plant protection methods. In 
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chemical control, various protective measures must be taken for humans, animals 

and the environment. Chemical pesticides are also called "pesticides". Pesticides 

are drugs made using chemical compounds or fillers that kill disease agents, pests 

and weeds that damage plants. Direct use of a pesticide against plants may cause 

phytotoxicity. In order to use them more safely and securely, they must be mixed 

with some auxiliary substances and fillers. This physical mixture is called 

formulation. To measure the amount of medicine to be used, the unit volume is 

determined by the amount of active substance in water. This is called "dose". 

Chemical control should be the last method used in combat methods. If pesticide 

control is to be carried out against any pest, it should be done with the appropriate 

pesticide targeting that pest, in the appropriate dose and at the most appropriate 

time (Anonymous, 2023a). 

 

Classification of Chemical Control Pesticides According to Formulation 

Type 

Liquid (liquid) formulations (EC) 

Water-wettable powder formulations (WP) 

Water-soluble powder formulations (SP) 

Flowable formulations with the consistency of yoghurt (SC) 

Powder formulations 

Granular formulations 

Pellet formulations 

Gas formulations 

 

8. INTEGRATED MANAGEMENT 

It can be defined as "effectively protecting plants from the effects of 

diseases, pests and weeds, and minimizing the negative effects on the environment 

and human health by using all known methods in agricultural control together and 

balanced as much as possible (Delen et al., 2005). In other words it is the control 

of pests and diseases found in a particular agroecosystem and that the management 

against weeds should be done together, not separately, and that appropriate 

management methods and techniques should be used interchangeably. It is based 

on its implementation in a way that completes. In this struggle It is not desired to 

completely eliminate any living creature, whether beneficial or harmful. It is only 
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aimed to keep the population densities of harmful factors below the economic 

damage level. Because of this, it is necessary to know about the economic damage 

thresholds of pests in integrated control programs. It is of great importance to 

protect and support the natural enemies present in nature (Karsavuran, 2005). 

 

ABOUT FUNGUS 

Like all other living things, fungi are named according to the "binomial" 

system and are named in Latin. In nomenclature, the first name is "genus" and the 

second name is "species". They constitute the largest group of plant pathogenic 

microorganisms. More than 100,000 fungal species are known today. More than 

10,000 of these cause disease in plants. Fungi, formerly known as fungi, are 

microscopically small heterotrophic organisms that have thread-like and branched 

development and often have spore-bearing organs. 

We can list the general characteristics of fungi as follows: 

They are all eukaryotic. 

They contain a nucleus containing chromosomes, bound to the cell 

membrane, and cytoplasmic organelles bound to the cell membrane. 

Most of them have a filamentous structure. 

They consist of microscopic individual filaments called hyphae, showing 

apical development, and structures called mycelium, which are formed by the 

branching development of these filaments. 

Some are single-celled 

Hyphae or cells are surrounded by a hard wall. This wall consists mainly of 

chitin and glucan, but some species contain cellulose in their walls. 

Many reproduce both sexually and asexually. 

Both sexual and asexual reproduction lead to spore formation. The nuclei of 

these spores are typically haploid, and the hyphal structures are often 

multinucleated. However, Oomycota and some yeasts contain diploid nuclei.  

All of them are without chlorophyll. They do not contain chlorophyll 

pigment and cannot photosynthesize. 

They are all chemoheterotrophic (chemo-organotrophic). They use the 

organic carbon resources available in their environment and obtain the energy 

necessary for their development and synthesis of organic matter from chemical 

reactions by breaking down this organic matter. 
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They contain characteristic storage compounds. 

They can live freely or form close relationships with other organisms 

(Anonymous, 2023b). 

Fungi that are pathogenic on plants are classified according to their lifestyle 

in and on their hosts. 

1-endoparasite 

2- ectoparasites. 

Ectoparasites; fungal hyphae generally spread on the upper surface of the 

leaf and obtain their nutrients from the leaf epidermis with the help of haustorium, 

which are special feeding organs. Endoparasitic fungi develop inside the tissue. 

Development inside the tissue occurs either between cells or within cells. If 

growing within cells, the fungus obtains nutrients by absorption through the cell 

wall. If it grows between cells, the fungus extends its haustorium from its hyphae 

into the cell and provides its nutrients. Plant pathogenic fungi have developed 

different lifestyles and ways of interacting with host plants. Some pathogens kill 

the host cell with enzymes, reactive oxygen species and toxins after entering the 

plant (Horbach et al., 2011; Pawlowsk and Hartman, 2016; Gebrie, 2016). These 

are known as necrotrophic pathogens. Necrotrophic pathogens have a wide host 

spectrum and cause rapid tissue damage. Biotrophic pathogens are obligate 

parasites and do not produce toxins. They complete their life cycle only in the 

living host (Horbach et al. 2011; Pawlowsk and Hartman, 2016; Gebrie, 2016). In 

biotrophic pathogens, special infection structures are created to overcome the plant 

cell wall and enter the host cell. In ectoparasitic fungi, germination tubes are 

formed on the plant cuticle. The appressorial germination tube turns into structures 

called appressorium (Gebrie, 2016). Appressorium is a simple or protuberant 

swelling at the tip of the grass tube or hyphae that adheres to the food medium or 

host surface. It is a somatic structure that plays a role in clinging. In parasitic fungi, 

appressorium forms an "infection foot", which is a very thin hyphae formed under 

the host tissue after it adheres tightly to it and plays a role in penetrating the host 

tissue. If penetration is successful, the hook tips turn into houstoria. Housestorium 

are specialized structures formed within the living plant cell to obtain nutrients 

(Pawlowsk and Hartman, 2016). As the hyphal branch passes through the host cell 

wall, its diameter becomes very narrow, and after passing, it expands and becomes 

a simple or branched hoistorium. Hoistorium is the name given to the somatic 
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structure that allows the intake of nutrients without killing the host cell. 

Necrotrophic fungi kill the host plant tissue by producing phytotoxins, cell wall-

degrading enzymes. In necrotrophy, infection begins when the conidia germinate. 

To penetrate directly, it forms effection hyphae or to penetrate the epidermis, 

appressorium develops, forming penetration legs (Zelinger et al., 2016; Horbach 

et al., 2011; Pawlowsk et al., 2016; Gebre 2016). It secretes enzymes that degrade 

the host cuticle, such as appressorium oxidase, cutinase and lipase. The penetration 

spike kills cells by branching and producing cell wall-degrading enzymes. Thus, 

necrotic lesions are formed. Necrotrophs often produce phytotoxins to facilitate 

colonization. Although fungi are microscopic creatures, according to recent 

studies, fungi share a common ancestor with animals and show many similarities 

with animals in terms of evolution (Badouin et al., 2017). The fungi kingdom split 

off from its animal-common ancestor approximately 800-900 million years ago. 

Today, the fungi kingdom is considered one of the oldest and largest groups of 

living organisms (Moore et al., 2011). The taxonomy of fungi is changing with the 

acquisition of new genotypic data. For example, the Oomycetes class, of which 

more than 60% of its species are pathogens in plants, is no longer in the fungi 

kingdom (Thines and Kamoun, 2010; Albertin and Marullo, 2012). Although 

pathogens in the Oomycetes class are now included in the Chromista kingdom, 

they resemble fungi in the way they infect plants and in their characteristics such 

as flagellated development. Today, plant pathogenic fungi include a very large and 

heterogeneous group of organisms that are pathogenic on both agricultural and 

wild plants. These pathogens are of economic importance because they cause 

product losses in both agricultural fields and warehouses (Lo Presti et al., 2015). 

Plant pathogens have developed many mechanisms to bypass healthy host plant 

defense mechanisms. Genes that encode proteins that are possessed by the 

pathogenic organism and play a role in its pathogenicity are defined as avirulent 

genes (Avr genes). Identification and characterization of molecules involved in the 

interaction between host plant and pathogen have formed the basis of research over 

the last decade. The most important of the plant's defense mechanisms against 

diseases are R (resistant) genes. PR proteins (Pathogen Related Proteins), which 

are the products of R genes, are structural proteins that provide resistance against 

pathogens. PR proteins recognize and are stimulated by signal molecules that are 

the product of avirulent genes secreted by the pathogenic organism when it enters 
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the plant. This mechanism is called the gene against gene hypothesis. Effector 

molecules synthesized by the Avr gene bind to the product of the R gene and 

activate it. The product of the activated R gene also provides the transmission of 

signals that will initiate the defense response. As a result of this interaction, rapid 

cell death is observed in neighboring cells around the infected cell. In this way, the 

spread of the pathogen in the host plant is prevented. This is called the 

Hypersensitive Response (HR) (Sexton and Howlett, 2006; Van der Does et al., 

2007; Gonzalez Fernandez, 2010; Zelinger et al., 2010). The faster the host cell 

that interacts with the pathogen dies, the more resistant the plant is to infection 

(Sexton and Howlett, 2006; Van der Does et al., 2007; Zelinger et al., 2010). 

Understanding R gene systems molecularly will control diseases in crops. R-Avr 

proteins that regulate host-pathogen relationships in order to turn this relationship 

to his advantage. It is studied that Avr genes create mutations. Therefore, they have 

the same genotypic structure disease agent in areas where monoculture agriculture 

is practiced. The pathogen becomes virulent by mutating its Avr genes. As a result, 

all plants have diseases so epidemics occur. Considering the R-Avr gene 

relationships in agricultural production, different R varieties carrying genes or 

belonging to different plant populations different plant species should be planted 

in a polyculture manner. For permanent genetic resistance, the R genes of plants 

should be tested with the most virulent strains of the pathogen and R-Avr analyzes 

determining host-pathogen relationships should be performed by taking direct and 

indirect definitions into consideration. Genetic mapping, sequence analysis for the 

host's R genes and the structural features of the proteins they encode must be 

clarified (Burdon and Silk, 1997).
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INTRODUCTION 

In recent years, the convergence of biochemical methodologies and 

nanotechnological advancements has presented innovative opportunities for 

investigating the intricate dynamics of biological systems, particularly focusing 

on plant-microbe interactions. The intricate interplay between plants and 

microbes plays a pivotal role in shaping ecosystems, agricultural productivity, 

and environmental sustainability. As researchers delve into the molecular 

intricacies of these interactions, the integration of biochemical approaches and 

cutting-edge nanotechnologies has emerged as a promising frontier. 

Biochemical methods serve as valuable tools in unraveling the signaling 

pathways, metabolic responses, and molecular dialogues that define plant-

microbe relationships. These methodologies guide researchers in identifying 

and quantifying essential biomolecules, shedding light on biochemical events 

that govern communication and coexistence between plants and microbes. 

Concurrently, the understanding of biochemical intricacies is complemented by 

nanotechnological applications, offering unparalleled opportunities to 

manipulate and engineer these interactions at the nanometer scale. 

Nanotechnology introduces a new paradigm for studying and modulating plant-

microbe interactions by designing and controlling materials at the nanoscale. 

Nanoparticles, nanomaterials, and nanodevices provide unique advantages in 

targeting bioactive compounds, achieving controlled release, and enhancing the 

bioavailability of active components. The integration of nanoscale tools enables 

researchers to precisely intervene in cellular and molecular processes, 

providing insights into how plants respond to microbial stimuli. 

This review explores the synergistic interaction of biochemical 

methodologies and nanotechnological applications in the context of plant-

microbe interactions. By delving into the current state of knowledge, we 

highlight key findings arising from the integration of these multidisciplinary 

approaches. Furthermore, we discuss the potential implications of these 

findings for agriculture, environmental management, and the sustainable 

production of biological entities. 

 

1.Plant Growth-Promoting Microorganisms (PGPMs) 

Microorganisms that colonize plant roots in the rhizosphere and promote 

plant growth are called PGPMs (Vejan et al., 2016). PGPMs are known to be 
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microbial partners of plants in the rhizosphere. They can play an important role 

in sustainable agriculture by improving soil quality, agricultural productivity, 

food and nutritional values, and agroecosystems (Abhilash et al., 2016). 

PGPMs encompass a diverse group of bacteria and fungi, that play a crucial 

role in enhancing plant growth and health. These microorganisms contribute to 

plant development through various mechanisms, including nutrient acquisition, 

hormonal regulation, and protection against pathogens. 

 

1.1. Plant Growth-Promoting Bacteria (PGPB) 

 PGPB encompass a diverse range of microorganisms, including free-

living bacteria, those forming specific symbiotic relationships with plants, and 

endophytic bacteria that may inhabit internal plant tissues. Additionally, 

cyanobacteria are considered part of this group (Vejan et al., 2016). 

Rhizospheric and plant tissue microbial communities employ distinct 

mechanisms to enhance plant growth. PGPB can directly stimulate plant growth 

by aiding in resource acquisition or by synthesizing plant hormones like auxins, 

cytokinins, and gibberellins, as well as growth regulators (Jalal et al., 2022). 

Moreover, they can indirectly promote growth by mitigating the inhibitory 

effects of various pathogens on plant development and growth (Glick, 2012). 

PGPB can be categorized into nitrogen-fixing bacteria, phosphate-solubilizing 

bacteria, and plant growth-promoting rhizobacteria (PGPR), each serving 

unique roles in fostering plant health and vitality. 

Nitrogen-fixing bacteria (NFB) 

Nitrogen, which is essential for the survival of micro-organisms and 

plants, is not found in soil, but it is in the atmosphere. NFB convert atmospheric 

nitrogen into ammonia, making it available for plant uptake. They facilitate 

nitrogen fixation in root nodules (Rhizobium in legumes) or in the soil 

(Azotobacter, Azospirillum) (Olanrewaju et al., 2017; Jalal et al., 2022). NFB 

include symbiotic NF and non-symbiotic NFB (Lawal, 2021). The 

classification of nitrogen-fixing bacteria and their examples are shown in Table 

1. 
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Table 1. Nitrogen-fixing bacteria 

Nitrogen-fixing Type Genus name 

 

 

 

 

Symbiotic Nitrogen Fixing Bacteria 

Frankia sp. 
Rhizobium sp. 
Sinorhizobium sp. 
Azorhizobium sp. 
Allorhizobium sp. 
Mesorhizobium 

sp. 
Bradyrhizobium 

sp. 
Azoarcus sp. 
Burkholderia sp. 
Herbaspirillum 

sp. 
 

 

 

 

Non-Symbiotic Nitrogen Fixing Bacteria 

Azospirillum sp. 
Paenibacillus sp. 
Herbaspirillum 

sp. 
Klebsiella sp. 
Pseudomonas sp. 
Enterobacter sp. 
Azotobacter sp. 
Clostridium sp. 

 

Phosphate-Solubilizing Bacteria (PSB) 

Phosphorus plays a vital role in metabolic activities and various 

functions and is an essential nutrient for plant growth and development. 

Phosphorus deficiency in plants can cause stunted growth, delayed crop 

maturity, and reduced seed formation (Billah et al., 2019). The soil often 

contains a substantial amount of insoluble phosphorus, rendering it inaccessible 

to plants and thereby limiting their growth. PSB release phosphorus bound in 

the soil, making it accessible to plants. They enhance plant growth by 

improving phosphorus uptake. Inorganic phosphorus is usually solubilized by 

the action of low-molar organic acids like gluconic and citric acids, both 

synthesized by various soil bacteria. The synthesis of various phosphatases, 
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which catalyze the hydrolysis of phosphate esters, is responsible for the 

mineralization of organic phosphorus (Glick, 2012). Other phosphorus 

solubilization processes carried out by bacteria are exchange reactions, 

acidification, and chelation (Ramakrishna et al., 2019). Bacteria capable of 

phosphorus solubilisation are generally composed of bacteria belonging to the 

genera Pseudomonas, Bacillus, and Rhizobium (Siddique et al., 2021). 

 

Plant growth-promoting rhizobacteria (PGPR) 

Over the past decade, the rhizosphere has gained importance as an 

ecological niche in the biosphere, leading to increased research on the 

mechanics of PGPR in this area. PGPR are bacteria that live in the rhizosphere 

and improve the health of the plant, ultimately helping to increase the growth 

of the plant. Due to their suitability in specific environments, such as high or 

low temperatures and specific pH ranges, there is a wide range of PGPR that 

differ in their activities under varying environmental and soil conditions 

(Olanrewaju et al., 2017). There are several direct and indirect mechanisms by 

which PGPR can affect plant growth. Direct mechanisms of action of PGPRs 

include enhancing plant nutrition by supplying phytonutrients such as fixed 

nitrogen or solubilized phosphorus, potassium, zinc, iron, and other essential 

minerals from the soil as well as regulating the levels of phytohormones (Basu 

et al., 2021). Indirect mechanisms involve the plant's defensive metabolic 

pathways (Goswami et al., 2016). 

Nitrogen fixation and phosphorus solubilization, which are the direct 

mechanisms of PGPRs, have been described above. Soil bacteria play a crucial 

role in providing iron to plants, especially when they are exposed to 

environmental stress, such as heavy metal pollution. In this case, siderophores 

relieve the stress on plants caused by high levels of heavy metals in the soil. 

Several studies have confirmed the direct benefits of bacterial siderophores on 

plant growth (Sultana et al., 2021; Sun et al., 2022; Zhang et al., 2023). 

In regulating plant growth, development and responses to the 

environment, plant hormones play a crucial role. Plants commonly regulate 

their endogenous phytohormone levels to reduce the adverse effects of 

environmental stress factors when faced with growth-limiting environmental 

conditions. Although this strategy can be effective, it is important to note that 

rhizosphere microorganisms can produce or modulate phytohormones. As a 
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result, many PGPR can influence phytohormone levels, thereby affecting the 

plant's hormonal balance and response to stress. Phytohormones mediate 

various processes in both symbiotic and non-symbiotic roots, including plant 

cell enlargement, division, and extension (Orozco-Mosqueda et al., 2023). 

Phytohormones synthesised by PGPR include auxins, cytokinins, and 

gibberellins (Mekureyaw et al., 2022; Nett et al., 2022; Iqbal et al., 2023). 

 

2.The Role of Plant Growth-Promoting Rhizobacteria (PGPR) in 

Plant Development and Soil Health 

The burgeoning global population constitutes a formidable challenge to 

agricultural food production, underscoring a critical imperative in addressing 

the sustenance needs of the rapidly expanding demographic. The escalating 

populace is directly impacted by multifarious factors, including constrained 

agricultural land, environmental degradation, and the exigencies imposed by 

biotic and abiotic stressors, collectively exerting discernible ramifications on 

global food production. The imperative to augment agricultural productivity 

becomes paramount in meeting the alimentary demands of the burgeoning 

populace. Diverse strategies are requisite, encompassing heightened recourse 

to chemical inputs such as fertilizers, pesticides, and herbicides. Concurrently, 

the deployment of microorganisms conducive to stress-tolerant plant growth, 

particularly in saline and arid terrains, emerges as an integral facet for 

amplifying agricultural productivity. It is worth noting, however, that extant 

solutions to this predicament are frequently ephemeral in efficacy and lack 

long-term sustainability. PGPR, as exemplified by microorganisms proficient 

in synthesizing bioactive compounds such as gibberellins and indole acetic 

acid, assumes centrality in the promotion of stress-resilient plant growth. Under 

adverse conditions typified by drought, heavy metal exposure, and salinity 

stress, PGPR manifests heightened enzymatic activity. The PGPR paradigm 

holds promise in not only amplifying plant growth but also in perpetuating crop 

yield sustainability within an ecologically conscientious milieu. The intricate 

interplay between plants and microorganisms imparts salience to the 

augmentation of plant health, growth dynamics, nutrient bioavailability, and 

assimilative capacities, thereby fortifying the plant's resilience against an array 

of pathogenic entities. These reciprocal interactions are epitomized by the 

synthesis of diverse phytohormones, including cytokinins, auxins, gibberellins, 
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and ACC-deaminase. The latter, ACC-deaminase, assumes significance in 

mitigating ethylene levels within nascent plant roots. Additional activities 

encompass symbiotic nitrogen fixation, mineral solubilization, and ancillary 

mechanisms that bolster plants in navigating stressors. The symbiotic interplay 

between microbial agents within the plant rhizosphere, culminating in positive 

modulations of plant growth dynamics, substantiates an augmentation of stress 

tolerance in the face of adverse environmental exigencies.  (Kumar et al., 2019) 

PGPR delineate a subset of bacteria that adeptly establish themselves 

within the root systems of plants, exhibiting the capacity to augment both plant 

growth and yield. This bacterial cohort demonstrates a notable ability to 

colonize the entirety of ecological niches within root ecosystems across all 

stages of plant development, even in the presence of a competitive microfloral 

milieu. In contemporary discourse, the nomenclature "PGPR" encompasses all 

bacteria inhabiting the rhizosphere that, through one or multiple mechanisms, 

contribute to the enhancement of plant growth. Varied species of rhizobacteria, 

affiliated with genera including Pseudomonas, Azospirillum, Azotobacter, 

Klebsiella, Enterobacter, Alcaligenes, Arthrobacter, Burkholderia, Bacillus, 

and Serratia, have been designated as PGPR. 

The modus operandi of these bacteria typically involves augmenting 

nutrient assimilation, modulating levels of plant hormones, and mitigating the 

inhibitory impacts of diverse pathogens on plant growth, thereby functioning 

as biocontrol agents. Furthermore, PGPR showcase an environmental 

detoxification aptitude, effectively cleansing the surroundings by eliminating 

pollutants such as heavy metals and pesticides. The multifaceted effects of these 

bacteria are contingent upon ecological nuances, soil attributes, plant 

classifications, age, developmental stages, and soil composition. In broad 

strokes, PGPR bacteria play a pivotal role in positively regulating plant growth 

and enhancing agricultural sustainability by fine-tuning plant-soil dynamics. 

(Prasad et al., 2019). 

In a 2023 research investigation, the impact of PGPR inoculations was 

scrutinized in the context of Moso bamboo cultivation. The applications of 

PGPR manifested a notable enhancement in Moso bamboo biomass, ranging 

between 34.2% and 108.9%. Concurrently, discernible improvements were 

observed in soil nutrient content and enzyme activities. The microbial diversity 

witnessed an augmentation, coupled with a reduction in the abundance of 
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Bacteroidetes. Significantly, mixed bacterial inoculants demonstrated efficacy 

in preserving the stability of the soil microbial community. The study further 

revealed pronounced effects on the activation of genes associated with 

phosphorus solubility, specifically phoA, phoD, and phoN. These findings 

collectively underscore the affirmative influence of PGPR inoculations on 

Moso bamboo growth, concomitant with a stabilizing effect on the microbial 

community. (Li et al., 2023). 

In a subsequent investigation, the pre-exposure of wheat to a specific 

PGPR strain was observed to elicit a cascade of beneficial effects. Notably, this 

pre-exposure regime instigated a discernible surge in vegetative growth, 

encompassing pronounced increases in both shoot and root lengths, total leaf 

area, and the biomass of both above-ground and below-ground components. 

Beyond the realms of morphological enhancements, wheat pre-exposed to the 

PGPR strain exhibited an augmented resistance against B. sorokinana, 

indicating a fortification of the plant's defense mechanisms. Upon closer 

examination of physiological parameters, a robust elevation was documented 

in photosynthetic pigments, indicative of an intensified photosynthetic activity. 

Furthermore, there were conspicuous elevations in both enzymatic and non-

enzymatic antioxidant activities, reflective of an enhanced capacity to 

counteract oxidative stress. The overall reactive oxygen species (ROS) 

scavenging activities were notably heightened in comparison to non-pre-

exposed wheat plants. Importantly, both PGPR strains demonstrated a 

comparable efficacy in conferring protection to wheat plants, signifying their 

consistent performance in this regard. Intriguingly, a detailed biochemical 

analysis illuminated that the pre-exposure to PGPR did not immediately incite 

a direct defense response. This nuanced finding implies a strategic utilization 

of resources, where the plant refrains from initiating defense mechanisms in the 

absence of stress, thus averting unnecessary resource allocation. As the wheat 

plants reached maturity, the dividends of pre-exposure became even more 

apparent. Pre-exposed wheat exhibited a superior yield performance when 

contrasted with non-pre-exposed counterparts. However, the scope of the study 

expanded beyond the immediate generation, as a compelling revelation 

emerged: the positive effects of pre-exposure transcended the initial generation 

and were robustly transmitted to the subsequent generation. Progeny 

originating from pre-exposed wheat showcased not only heightened disease 
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resistance but also superior productivity when subjected to disease pressure 

compared to their non-pre-exposed counterparts. This observation underlines 

the enduring and transgenerational impact of PGPR pre-exposure in bolstering 

plant resilience and productivity under pathogenic stress. (Devi et al., 2023) 

The established understanding in the scientific literature underscores that 

PGPR not only play a pivotal role in promoting plant growth and enhancing 

resistance but also exhibit stimulatory or inductive effects on specific plant 

traits. Among these discernible traits is the phytoremediation capacity inherent 

in plants. Contemporary environmental challenges are exemplified by the 

escalating threat posed by polycyclic aromatic hydrocarbons (PAHs) to both 

soil ecosystems and human health, substantiating their deleterious 

accumulation in terrestrial environments. This predicament accentuates the 

environmental predicaments stemming from the unrestrained release and 

accrual of PAHs. The cumulative presence of PAHs in soil carries the dual risk 

of impinging upon plant growth, thereby imperiling agricultural productivity, 

and undermining the biological diversity integral to soil ecosystems. Moreover, 

the repercussions of these pollutants on human health are exacerbated due to 

their potential transmission through the food chain. In this scholarly milieu, the 

utilization of PGPR, known for their prowess in enhancing plant growth, 

emerges as a strategic avenue for effective intervention in the phytoremediation 

of soils contaminated with PAHs. Pursuant to this objective, the Serratia sp. 

DLN5 strain, distinguished by its capability to degrade phenanthrene (PHE), 

was judiciously chosen. A meticulous evaluation of this strain's impact on plant 

physiology and phytoremediation efficacy ensued. The findings delineate that 

DLN5 inoculation substantively amplifies the growth of canola plants 

cultivated in PAH-contaminated soil, concurrently enhancing 

phytoremediation efficiency. Furthermore, the regulatory effects of this activity 

on plant growth and soil microbial communities were scrutinized, thereby 

laying the groundwork for an avant-garde PGPR-supported phytoremediation 

strategy poised for practical application in soils beset by PAH contamination. 

(Guan et al., 2023).  

In conclusion, the integration of PGPR into agricultural practices stands 

as a promising solution for fostering an ideal and sustainable farming system. 

This strategic use not only contributes to the improvement and preservation of 

human health but also yields economic and spiritual advantages for both 



233 PLANT MICROBE INTERACTIONS 

 

producers and consumers. Furthermore, PGPR plays a crucial role in addressing 

the increasing global demand for food production while simultaneously 

ensuring environmental sustainability. The primary impediments to global 

agricultural productivity lie in the challenges posed by biotic and abiotic stress 

factors within environmental conditions. Plant-associated microorganisms, 

particularly stress-tolerant PGPRs, assume a pivotal role in imparting resistance 

to these stressors. Stress-tolerant PGPRs exhibit versatile functionality, 

encompassing mechanisms that enhance crop yield, control environmental 

pollution, and establish an eco-friendly environment within the framework of 

sustainable development. These mechanisms involve nitrogen fixation 

initiation, phosphate solubility assurance, growth hormone release, and the 

deployment of elements such as siderophores and osmotic responses. 

Consequently, PGPRs not only contribute to the reduction of excessive 

chemical and pesticide usage but also minimize human health risks associated 

with the residual effects of these substances. Additionally, the application of 

PGPR enhances soil nutrient balance, thereby sustaining the productivity of 

agricultural lands in a balanced and sustainable manner. Given these 

multifaceted benefits, the incorporation of PGPR into agricultural strategies 

emerges as a promising avenue for fostering a resilient and sustainable global 

food production system. 

3. Importance of Antioxidant Mechanism During Plant-Microbe 

Interaction 

Plants, due to their stationary structures, are exposed to biotic and abiotic 

stress factors (Dar et al., 2022). In response to these stresses, plants generate 

fundamental signaling molecules such as reactive oxygen species (ROS) and 

reactive nitrogen species (RNS). These molecules play a critical role in 

regulating metabolism, growth, development, and defense mechanisms against 

various stress factors in plants. Various biotic and abiotic stress factors, such as 

intense light, excessive temperature, salt, drought, waterlogging, and plant 

pathogens, trigger ROS and RNS production in plants (Imran et al., 2021). In 

plant cells, various cellular oxidation processes take place for growth, 

development, and coping with stress. These oxidation reactions result in by-

products called ROS. The normal functionality of plant cells is defined by the 

ability to maintain the delicate balance between ROS production and clearance. 
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The interaction of plants with microbes disrupts this delicate balance by 

triggering excessive ROS production, leading to oxidative stress. This oxidative 

stress is associated with programmed cell death, stomatal closure, gravitropism, 

and the development of other responses, and ROS has been identified as a 

secondary messenger in intracellular signal transduction pathways (Choudhary 

& Upadhyay, 2023). It has been noted that microbes are widespread, diverse, 

and adaptable organisms to complex environments, and they have extensive 

metabolic processes to alleviate abiotic stress conditions. Plant-microbe 

interactions are considered a significant component of living ecosystems that 

assist plants in initiating defense mechanisms under adverse environmental 

conditions in nature (Meena et al., 2017) 

Plants establish symbiotic relationships with non-pathogenic or 

beneficial microorganisms in their root systems. However, pathogenic 

microorganisms can have detrimental effects, increasing the formation of ROS 

and posing a risk of toxicity. In response to such challenges, plants activate 

their natural defense systems. Symbiotic interactions have been reported to 

support plant defense mechanisms by enhancing the production of 

phytohormones and defense-related molecules. Antioxidants, including 

enzymes such as catalase, and superoxide dismutase, as well as non-enzymatic 

compounds like tocopherols, carotenoids, and glutathione, play a crucial role in 

supporting plant defense mechanisms against ROS and contribute to the 

survival of plants under stressful conditions. The interaction between pathogens 

and plants influences both acquired and induced defense mechanisms. Through 

a comprehensive antioxidant network, plants can mount a more effective 

defense against pathogens (Singh et al., 2021).  

Amid challenging environmental conditions, the enzyme superoxide 

dismutase (SOD) plays a pivotal role in mitigating oxidative damage by swiftly 

converting superoxide anions (O2−) into oxygen molecules (O2) and hydrogen 

peroxide (H2O2). SOD functions as a crucial enzymatic system tasked with 

eliminating free radicals (O2−) generated by plants under stress. It collaborates 

closely with enzymes such as catalases (CAT) and peroxidases (POX) to 

suppress the production of reactive oxygen species (ROS) from O2− and H2O2 

through the Haber-Weiss reaction. In addition to H2O2 breakdown and 

maintaining redox homeostasis, POX eliminates H2O2 by catalyzing the 

oxidation of phenolic substrates, wherein H2O2 acts as an electron acceptor. 
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Ascorbate peroxidase (APX) contributes to the conversion of H₂O₂ within the 
cytoplasm and other cellular structures—a process facilitated by POX and CAT 

in the ascorbate-glutathione cycle. Malondialdehyde (MDA) is accountable for 

the oxidative breakdown of polyunsaturated fatty acids in plant cell membranes 

(Ummara et al., 2022). 

The predominant antioxidant metabolite in plant cells is ascorbic acid, 

also known as vitamin C (Celi et al., 2023). The function of APX involves direct 

interaction with various ROS, neutralizing the deleterious effects of O2−, -OH, 

and O2, while actively participating as an electron donor in enzymatic activities 

that reduce H2O2 levels (Hasanuzzaman et al., 2020). In a study by Castro et 

al., it was revealed that at elevated levels of ascorbic acid, particularly in the 

presence of intense H2O2 levels, ascorbic acid could act as a prooxidant, 

triggering the Fenton reaction in rice leaves exposed to intense UV radiation 

and thereby increasing oxidative stress (Castro et al., 2018).The increase in 

antioxidant activity can be expected to be a significant indicator of stress 

management in plant-microbe interactions. CAT, POX, and phenylalanine 

ammonia-lyase (PAL) play a role in cell wall elongation through the 

polymerization of glycoproteins rich in lignification, suberification, and 

hydroxyproline, among other functions. Antioxidants also play a role in wound 

healing, in addition to their involvement in plant-microbe interaction resistance 

reactions (Choudhary & Upadhyay, 2023). While the generation of reactive 

oxygen species (ROS) is commonly linked with pathogen invasion, ROS 

production has also been noted in alternative biotic interactions, such as those 

involving bacteria or mycorrhiza. This suggests that the synthesis of ROS is a 

prevalent characteristic in various biotic relationships. The observation that 

ROS synthesis is low and antioxidant system levels are high after exposure to 

beneficial microorganisms indicates a distinctive characteristic of plant 

responses (Sahu et al., 2022). To protect themselves from pathogen attacks and 

infections, plants utilize mechanisms such as hypersensitive response (HR)-

mediated cell death, apoptosis lignin biosynthesis, pattern-triggered immunity 

(PTI), and gene-mediated effector-triggered immunity (ETI). The 

representation of ROS in PTI, ETI, and symbiotic connections is illustrated in 

Figure 1.  
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Figure 1: A graphical depiction illustrating ROS within PTI, ETI, and symbiotic 

connections. 

In conclusion, the production and regulation of signaling molecules such 

as ROS and RNS play a crucial role in the effective adaptation mechanisms of 

plants against various stress factors. These signals assist plants in coordinating 

growth, development, defense, and survival strategies. 

 

4. Nanotechnological Advancements in Plant-Microbe Interaction 

 Nanotechnology is an evolving field of the 21st century, and 

nanoparticles, when compared to their larger counterparts (1-100 nm), exhibit 

distinct structural, optical, electrical, magnetic, and mechanical properties in 

the nanoscale. In the last two decades, the interest in transition metal oxide 

nanoparticles has increased due to emerging applications in various fields such 

as catalysis, biosensors, cosmetics, pharmaceuticals, food and agriculture, 

electronics, dentistry, energy, and the environment (Javed et al., 2022; Katwal 

et al., 2015). Copper oxide (CuO) nanoparticles (NPs) demonstrate various 

impressive features in biomedical fields and serve as potent bactericidal, 

catalytic, anti-carcinogenic, and coating agents. They possess an approximate 

2 eV bandgap energy and have gained significant importance due to their 

chemical inertness and thermal stability (Grigore et al., 2016; Naz et al., 2023). 
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4.1 Nanoparticle Properties and Synthesis Methods 

The qualities of nanoparticles are determined by a combination of their 

physical and chemical characteristics. Physical properties include optical, 

mechanical, suspension, sedimentation, thermal, magnetic, and electrical 

features. Optical properties, for instance, are closely tied to the sizes of noble 

metal nanoparticles, showcasing a distinctive UV-visible absorption band in 

their spectra. This phenomenon, known as localized surface plasmon resonance 

(LSPR), occurs when the frequency of incident photons resonates with the 

collective excitation of conduction electrons. The peak wavelength of the LSPR 

spectrum varies based on the size, shape, and interparticle distance of 

nanoparticles. 

Mechanical properties encompass attributes like flexibility, elasticity, 

and tensile strength. These mechanical features play a crucial role in diverse 

research fields such as tribology, surface engineering, nanofabrication, and 

nanomanufacturing (Dhaka et al., 2023; Strambeanu et al., 2014). These 

properties enable researchers to delve into various aspects of nanoparticle 

behavior and performance, contributing to advancements in multiple scientific 

and technological domains. 

The magnetic and electrical properties of nanoparticles stem from the 

distorted electronic distribution. Magnetic and electrical characteristics are 

determined through terms such as conductivity, semi-conductivity, and 

resistance. These features make nanoparticles applicable in contemporary 

electronic applications. Additionally, essential attributes include thermal 

conductivity, suspension, hydrophilicity, hydrophobicity, and diffusion. The 

role of nanoparticles in chemistry and biological engineering is governed by 

their chemical properties. These properties, influenced by factors like stability, 

sensitivity, toxicity, oxidation, reduction, and chemical compositions with 

antifungal and antibacterial attributes, varies according to the nanoparticle sizes 

(Anwar et al., 2021). 

Biologically synthesized nanoparticles offer several advantages, 

including non-toxicity, high production efficiency, easy scalability, and well-

defined morphology. Consequently, an innovative method for nanoparticle 

production is essential. The green synthesis technique has been developed as 

an effective approach for nanoparticle synthesis. Nanoparticles synthesized 

through green methods are characterized by safety, environmental friendliness, 
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and ease of use (Vijayaram et al., 2023). The synthesis of green nanoparticles 

is categorized into two classes based on nanoparticle formation: "top-down" 

and "bottom-up" approaches. In the "top-down" approach, nanoparticles have 

a larger size, and methods such as mechanical techniques or acid addition are 

employed to reduce their size. Generally, the top-down approach necessitates 

intricate analyses (thermal separation method, mechanical method/ball milling 

method, lithographic methods, laser ablation, spray). The "bottom-up" 

approach significantly differs from the top-down process and commences with 

the assembly of molecules at the atomic level. Bottom-up methods are executed 

through various techniques (chemical vapor deposition (CVD) method, sol-gel 

method, spinning, pyrolysis) (Ijaz et al., 2020). 

4.2 Agricultural Applications of Microbe-Synthesized Nanoparticles 

(NPs) 

While many NPs are being employed as antimicrobial agents for treating 

various diseases in living organisms, the utilization of NPs in the treatment of 

diverse plant diseases is still in its early stages. NPs have the potential to 

facilitate targeted transfers to specific regions within plants. The monitoring of 

the endogenous movement of NPs proves to be highly advantageous for the 

directed treatment of specific plant regions (Naidu et al.,2023). Earlier studies 

have elucidated the use of NPs for transporting biomolecules into plant cells, 

utilizing their magnetic properties to guide localization. For instance, research 

conducted on Cucurbita pepo showcased the in vitro application of NPs, 

employing confocal, optical, and electron microscopes to detect localization. 

NPs combined with macromolecules like nucleotides, drugs, and enzymes can 

effectively facilitate gene formation in complex delivery systems, supporting 

transfer and expression within host cells (Ali et al., 2021). 

In the agricultural sector, there is significant interest in the production of 

functional NPs with properties of affordability, compatibility, and biological 

biodegradability. These NPs can serve as nano-pesticides, herbicides, nano-

fertilizers, nano-sensors, herbicides, and nano-additives .Over the past few 

years, nanotechnology has become more widespread in the agricultural 

industry, aiming to reduce the use of environmentally harmful chemicals, 

employ nano-sensors for accurate and highly sensitive detection, enhance the 
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effectiveness of primary plant protection methods, and develop strategies to 

reduce abiotic and harmful effects in biotic stresses (Spanos et al., 2021). 

In a study conducted by Yan et al. (2020), interactions between Fe3O4 

NPs and maize plants were investigated using a combination of phenotypic and 

metabolic approaches. Zea mays were grown for four weeks in an environment 

where Fe3O4 NPs were processed in treated soil at concentrations of 0, 50, and 

500 mg/kg. There was no significant effect of Fe3O4 NPs on plant biomass or 

photosynthesis. However, a significant increase in root length and a decrease in 

malondialdehyde (MDA) levels were observed, indicating positive effects on 

root development and membrane integrity. Inductive coupled plasma optical 

emission spectrometry (ICP-OES) analysis showed that Fe3O4 NPs led to 

significant iron accumulation in roots rather than leaves. Furthermore, 500 

mg/kg Fe3O4 NPs increased dehydrogenase enzyme activity by 84.9%. 

Metabolomic analysis revealed that exposure of maize roots to Fe3O4 NPs 

rendered antioxidant and defense-related metabolic pathways ineffective. 

These results suggest that Fe3O4 NPs may play a protective role against 

microbes and induce specific metabolic changes in plant roots. The findings of 

this study provide new molecular mechanisms to assess environmental impacts 

and understand the response of maize plants to Fe3O4 NPs (Yan et al., 2023). 

The diverse characteristics and applications of nanoparticles, as 

discovered through various studies, mentioned above, can propel significant 

advancements in future research within the fields of nanotechnology and 

biotechnology. The highlighted features of these nanoparticles have the 

potential to enhance effective and sustainable solutions in various industrial and 

biomedical applications. 

The biosynthesis and green synthesis methods of nanoparticles can 

enable environmentally friendly and cost-effective production processes, thus 

facilitating the broader-scale utilization of nanomaterials. This has the potential 

to offer effective solutions across a wide spectrum, ranging from the 

agricultural sector to biomedical applications. 

CONCLUSIONS 

The convergence of these themes emphasizes the intricate interaction 

network that determines plant-microbe relationships, including the role of 

nanoparticles. Contributions range from the macro-level effects of plant 
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growth-promoting microorganisms in agricultural applications to the micro-

level complexities of antioxidant responses and the influence of nanoparticles 

in these dynamics.  

Navigating at the forefront of agricultural and environmental sciences, 

the integration of these insights, including nanoparticle effects, holds promise 

for more sustainable, resilient, and efficient ecosystems. The collective 

knowledge derived from these focal points serves as a foundation for future 

research triggering innovations in agricultural practices and environmental 

management. 
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