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Abstract 

The use of microbial consortia and biofertilizers has emerged as a promising 
approach for enhancing the yield and quality of essential oils in aromatic plants. 
This strategy leverages the benefits of microorganisms such as arbuscular mycor-
rhizal fungi (AMF) and plant growth-promoting rhizobacteria (PGPRs) to 
improve plant growth and the production of secondary metabolites. However, 
achieving optimal results also requires consideration of environmental factors 
such as light, temperature, humidity, and soil fertility, as well as appropriate 
cultivation techniques. Innovative systems such as aeroponic and hydroponic 
systems, as well as micropropagation, can provide even more favorable growth 
conditions for medicinal plants, resulting in the production of high-quality bioac-
tive substances. Implementation of this approach has significant implications for 
the pharmaceutical and herbal industries, as well as for overall health and well- 
being. By leveraging the benefits of microbial consortia and biofertilizers, we 
can enhance the sustainability and productivity of agricultural practices while 
also promoting a healthier and more natural approach to medicine. 
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9.1  Introduction 

Throughout history, medicinal plants have been an important source of therapeutic 
agents for treating various ailments and diseases, including diarrhea, fever, colds, 
and malaria. This has been highlighted by several studies, such as Dambisya and 
Tindimwebwa (2003); Ghiaee et  al. (2014), Mathens and Bellanger (2010), and 
Titanji et al. (2008). The increase in population and the consequent rise in human 
needs to meet their needs has caused humans to exploit resources and facilities dur-
ing the last century with the help of new technologies and relying on low-cost natu-
ral resources. The world’s growing population will lead to several advancements, 
resulting in increase in food production during recent decades. Meanwhile, plant 
nutrition plays a key role in significantly increasing food supply (Mukhopadhyay 
et al. 2021). Increasing plant production has become possible through the use of 
man-made commercial fertilizers. Sustainable agriculture is a system that, while 
enjoying economic dynamism, can improve the environment and optimal use of 
available resources, and also play a significant role in providing human food needs 
and improving the quality of life of human societies. In addition, sustainable agri-
culture by observing the principles of ecology can increase the efficiency of resource 
use while creating a balance in the environment and provide a basis for productivity 
for a longer period of time (Polukhin and Panarina 2022). In sustainable agriculture, 
in addition to emphasizing on reducing the consumption of synthetic chemicals and 
pesticides, crop rotation, organic fertilizers, plant residues and agricultural wastes 
are used as a substitute for some of the chemical fertilizers, and the use of fertilizers 
is also optimal according to the plant’s needs and production potential 
(Mukhopadhyay et al. 2021). In this way, the amount of damage or negative effects 
for natural resources and the environment will be reduced to a minimum. Long-term 
studies show that excessive use of chemical fertilizers reduces the performance of 
agricultural and medicinal plants. This reduction is due to soil acidification, reduc-
tion of soil biological activities, loss of soil physical properties, and absence of 
micronutrients in K, P, N fertilizers. In many cases, the use of chemical fertilizers 
causes environmental pollution and ecological damage, which also increases the 
cost of production. In order to reduce these risks, resources and institutions should 
be used that, in addition to providing the current needs of the plant, also ensure the 
sustainability of agricultural systems in the long term. 

By producing humus, organic fertilizers reduce the adverse effects of chemical 
fertilizers and increase the efficiency of fertilizer use (Khosropour et  al. 2023). 
Sustainable agriculture in the form of combined use of chemical and organic fertil-
izers as a suitable solution for the development of sustainable agriculture during the 
transition period from conventional agriculture to sustainable agriculture is effec-
tive for producing agricultural products and maintaining plant performance at an 
acceptable level (Khosropour et al. 2023). Organic materials are one of the impor-
tant elements of soil fertility due to their beneficial effects on the physical, chemi-
cal, biological, and fertility properties of the soil. Organic fertilizers increase the 
organic matter and pH of the soil, and due to the improvement of the chemical 
properties of the soil, such as cation exchange capacity and increasing the activity 
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of microorganisms and the amount of access to nutrients, they increase the fertility 
of the soil (Mukhopadhyay et al. 2021). 

Plants in nature are associated with a vast number of beneficial microorganisms 
such as endophytic or symbiotic bacteria and fungi. These microorganisms have a 
crucial role in maintaining the health, development, and productivity of plants, and 
also play a significant part in regulating the synthesis of various metabolites. The 
importance of this relationship has been emphasized in several studies, including 
Ezzati Lotfabadi et al. (2021), Panke-Buisse et al. (2015), Castrillo et al. (2017),  
de Vries et al. (2020), Brader et al. (2014), and Compant et al. (2021). 

Bioactive compounds, including carotenoids, essential oils, antioxidants, and fla-
vors, are often incorporated into food products to enhance their flavor, aroma, tex-
ture, and overall appeal while also improving their nutritional and health benefits. 
Recent research has suggested that the inoculation of arbuscular mycorrhizal fungi 
(AMF) can help optimize the production of these important biomolecules (Hazzoumi 
et al. 2015; Oliveira et al. 2015). The symbiotic relationship between plants and 
AMF has been shown to boost the production of secondary compounds, which can 
increase the value of the plant’s phytomass and its potential medicinal properties 
(Oliveira et al. 2013; Zitter-Eglseer et al. 2015). 

This chapter aims to provide an overview of the current knowledge on the inocu-
lation of AMF and PGPRs, their mechanisms, and their effects on the production of 
essential oils and bioactive compounds in aromatic plants. Additionally, this chapter 
highlights the benefits of using microbial consortia and biofertilizer management 
for enhancing the yield and quality of essential oils. Finally, the chapter identifies 
areas where further research is needed to gain a better understanding of the micro-
bial communities and their mechanisms. 

9.2  Biofertilizers 

Fertilizers are materials that are used to achieve maximum production per unit area. 
However, the use of fertilizers should be able to improve the quality of agricultural 
products in addition to increasing production, and while not polluting the environ-
ment, it should reduce the accumulation of nitrate pollutants in the consuming 
organs of crops to the minimum possible, so as to ensure the health of humans and 
animals (Kumar et al. 2022). In the last few decades, the use of chemical inputs in 
agricultural lands has caused many environmental problems, including the pollution 
of water sources, the decline in the quality of agricultural products and food, and the 
reduction of soil fertility. Based on this, paying special attention to agriculture from 
the point of view of sustainability in order to preserve the environment and meet the 
needs of society in terms of food is necessary and unavoidable, and paying attention 
to alternative systems has recently attracted a large number of studies (Fasusi et al. 
2021; Kumar et al. 2022). 

Today, with the increase in agricultural and horticultural production to meet the 
growing needs of the expanding population, concern has been raised about the 
future of providing food and green space for the people (Mahapatra et al. 2022). 
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Pollution of water, soil, air, and soil erosion, resistance of pests to poisons, and 
spread of chemical fertilizers caused us to go back to the past and industrial crops 
in order to preserve resources. So, to produce healthy and clean products and as a 
result, healthy and cheerful people, we have no other way than biological agricul-
ture (Dehsheikh et al. 2020). Considering the increasing demand for the consump-
tion of biological agricultural products, which is based on the proper management 
of the soil and the growth environment of plants and trees, it is done in such a way 
that the balance between the required elements in the soil is not disturbed in the 
nutrition of plants and trees. During growth, there is no need to use poisons and 
pesticides, and instead of using chemical fertilizers, natural fertilizers such as leaf 
soil, algae, and animal and biological fertilizers should be used to feed the agricul-
tural soil (Fasusi et al. 2021; Gurikar et al. 2022). If there is a need to fight against 
pests, instead of using chemical pesticides and poisons, biological methods such as 
effective microorganisms, ladybugs, bees and bacteria, or pest-resistant cultivars are 
used in cultivation, and in this type of agriculture, modified seeds are used (Kumar 
et al. 2022). Genetically modified and exposed to radiation is not used. From this 
point of view, the final product that reaches the consumer will be free of toxic and 
chemical residues and preservatives. On the other hand, quality food products, 
which are the product of biofertilizers, not only satisfy consumers, but also provide 
and guarantee their physical health (Gurikar et al. 2022). Advantages of using bio-
logical fertilizer are as follows:

 1. Increasing the amount of nutrients and soil organic matter, 
 2. Reducing the need to use chemical fertilizers, 
 3. Increasing the absorption power of food by plants, 
 4. Prevent soil erosion, 
 5. The sulfur in the fertilizer improves soil salinity (Chojnacka et al. 2020). 

Classification of biofertilizers according to the type of microorganisms:

 1. Bacterial biofertilizers (rhizobium-azotobacter-azospirlium), 
 2. Fungal biofertilizers (mycorrhiza), 
 3. Algal biofertilizers (blue-green algae and Azolla), 
 4. Actinomycetes biofertilizers (Frankia). 

9.3  Arbuscular Mycorrhizal Fungi (AMF) 

One of the most intricate ecosystems on earth is the soil. Fungus is an essential 
biotic element of the soil that also keeps the plant-soil healthy. Fungi and vascular 
plants may cooperate to improve soil quality, according to paleontological and evo-
lutionary evidence. Paleobotanists have demonstrated that these symbiotic connec-
tions before the development of terrestrial plants. They evolved alongside arbuscules 
in the Devonian period (400 Mya), hyphae and spores in the Ordovician period (460 
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Mya), and glomeromycota in the Ediacaran period (600 Mya). Primary associations 
in the soil environment are vesicular-arbuscular mycorrhizae (VAM), ectomycor-
rhizae (ECM), orchid mycorrhizae, ericoid mycorrhizae, ectendomycorrhizae 
(arbutoid), centianoid mycorrhizae, and monotropoid mycorrhiza. The endomycor-
rhizal association, one of the seven major types of mycorrhizae, is the most wide-
spread and may be found in all kinds of soil (Gujre et al. 2021). VAM are known as 
arbuscular mycorrhizal fungi, or AMF, because they produce arbuscules and vesi-
cles. AMF assists in nutrient balancing and enhances the efficiency of the soil sys-
tem. It reproduces by means of small, multinucleate, asexual spores, the quantity of 
which is greatly enhanced by the mycelium. With the aid of AMF diversity, biodi-
versity, ecosystem variability, and productivity can all be preserved. Over 85% of 
plant families worldwide, across all sorts of environments, are colonized by mycor-
rhiza. Although they are not limited to it and can extend to 70 cm or even more, 
AMF typically appear in the topsoil zone of 0–20 cm (Sangwan and Prasanna 2022). 

The population of AMF is at its peak in the spring, and the soil has an average 
(Bhardwaj et al. 2023). The diverse agricultural systems and related practices con-
trol the population of AMF, which are detritivores closely linked to organic carbon. 
Nonetheless, there is a notable rise in the AMF population with crops like sorghum, 
chickpeas, and maize, but oats, barley, and wheat only develop slowly. By destroy-
ing the soil aggregates and upsetting the mycelia network, practices like tillage, 
crop rotation, residual crop burning, inadequate drainage, fungicide sprays, and 
waterlogging have a detrimental impact on AMF.  AMF can trap a considerable 
quantity of carbon through its exudations and turnover rates. Around the roots, a 
dense network of fungi creates an advantageous soil structure with a binding effect. 
Abiotic stress like heavy metals and water stress can be reduced by the fungus net-
work inside the soil. With the help of the viscous glycoprotein glomalin, AMF pro-
motes soil aggregation in the pedosphere. Its color is reddish-brown, and it has a 
powerful reinforcing impact that improves the general soil quality. Moreover, the 
main element of AMF called glomalin interacts with ions in the rhizosphere to 
increase metal binding. 

9.4  Essential Oils 

Due to rising consumer demand and interest in these plants for therapeutic pur-
poses, the appeal of aromatic and medicinal plants continues to expand applications 
in the culinary and other human-made fields. Consumers are becoming more aware 
of the possibilities and advantages of aromatic and medicinal plants and their 
metabolites as they become more informed about issues related to food, nutrition, 
and health (Hanif et al. 2019). These plants generate a variety of secondary metabo-
lites, including essential oils (EOs). EOs have a highly complex chemical makeup. 
EO constituents individually have beneficial uses in a variety of industries, includ-
ing agriculture, the environment, and human health. EOs are effective complements 
to synthetic compounds which are widely utilized in the chemical industry. The 
term “essential oil” dates back to the sixteenth century and derives from the drug 
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Quinta Essentia, named by Paracelsus von Hohenheim of Switzerland (Brenner 
1993). EOs are the substances obtained from a vegetable raw material, either by 
steam distillation or by mechanical processes from the epicarp of citrus, or 
“dry”distillation (Hanif et al. 2019). Inorganic solvents like water do not dissolve 
EOs; however, organic solvents do (ether, alcohol, and fixed oils). With the excep-
tion of vetiver, sassafras, and cinnamon, they are volatile liquids with a distinct 
smell and a density below unity. They are widely utilized in the cosmetics, aroma-
therapy, and perfume industries (Falleh et al. 2020). Aromatherapy is a therapeutic 
treatment that uses essential oils in baths, massages, and inhalations (volatile oils). 
A plant can govern and regulate its surroundings (play an ecological function) by 
using EOs, which can operate as chemical messages to deter predators, draw polli-
nating insects, prevent seed germination, and communicate with other plants. 
Moreover, EOs have insecticidal, deterring, and antifungal properties (Hanif 
et al. 2019). 

9.5  The Effects of AMF on Essential Oil 

The positive role of AMF in improving EO content and EO profile of various plants 
species has been addressed. The AMF can modify the biosynthesis pathway of EO 
production in plants and lead to significant changes in yield and compounds. The 
improvement of EO content by AMF has been presented in Table 9.1. In this regard, 
the improvement of EO content has been reported on Mentha piperita (Zare et al. 
2023), Lavandula angustifolia (Pirsarandib et al. 2022), and Cymbopogon citratus 
(de Souza et al. 2022; Eke et al. 2020). Khalediyan et al. (2021) has shown that MF 
and PGPR can increase linalol, methyl chavicol, trans-geraniol, camphor, and limo-
nene concentrations in basil EO and carvacrol, thymol, p-cymene, α-terpinene, and 
γ-terpinene in satureja EO components.   

Several medicinal plants, including Chlorophytum borivilianum, Dioscorea spp., 
Gymnema sylvestre, Glycyrrhiza uralensis, Libidibia ferrea, Ocimum basilicum, 
Satureja macrostema, and Salvia miltiorrhiza, have shown a positive correlation 
between the biomass of arbuscular mycorrhizal fungi (AMF)-colonized plants and 
the concentration of secondary metabolites. Studies by Dave et al. (2011), Lu et al. 
(2015), Zimare et al. (2013), Chen et al. (2017), Silvia et al. (2014), Zolfaghari et al. 
(2013), Carreón-Abud et al. (2015), and Yang et al. (2017) have highlighted this 
relationship. However, for Cynara cardunculus colonized by R. intraradices and 
F. mosseae, a significant increase in yield was observed, but the concentrations of 
phenolics decreased (Colonna et al. 2016). 

AMF can be beneficial for plants in various ways, including improving their 
nutrient uptake and indirectly affecting the concentration of secondary metabolites. 
For example, when Glycyrrhiza uralensis was grown under nutrient-deficient con-
ditions, F. mosseae helped to increase its shoot and root biomass, root system archi-
tecture, and flavonoid accumulation (Chen et al. 2017). Furthermore, AMF can help 
micropropagated medicinal plants to survive and grow better when transferred from 
in vitro to ex vivo conditions. Studies have shown that when Spilanthes acmella and 
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Table 9.1 The effects of AMF on essential oil of different plant species 

Authors Plant Results
Weisany 
et al. (2015) 

Anethum 
graveolens L. 

The presence of AM colonization resulted in a notable 
rise in EO yield when compared to plants that were not 
inoculated. Moreover, alterations in EO composition 
were observed in dill plants that were intercropped and 
inoculated with AM. 

Sadegh Sadat 
Darakeh 
et al. (2021) 

Nigella sativa L. The utilization of bioorganic fertilizers can be an 
effective method of enhancing soil fertility and 
decreasing reliance on chemical inputs, ultimately 
leading to greater yields of medicinal and aromatic 
plants. 

Zare et al. 
(2023) 

Mentha piperita Co-application of glomus intraradices and titanium 
dioxide nanoparticles (150 mg L−1) improved EO content 
and amount of menthol, menthyl acetate, and 1, 8 cineole. 

Darakeh 
et al. (2022) 

Nigella sativa L. The utilization of bio and organic fertilizers had an effect 
on the chemical composition of black cumin essential oil. 
The application of nutrients such as vermicompost, 
PGPRs, and AMF to the dillapiole plant resulted in 
percentage increases in EO composition. 

Pirsarandib 
et al. (2022) 

Lavandula 
angustifolia 

AMF (Funneliformis mosseae) inoculation ameliorated 
soil heavy metals via improving growth and EO content. 

Yilmaz and 
Karik (2022) 

Ocimum basilicum The AMF improve EO yield. Eugenol and Ɣ-cadinene, 
which are two of the highest ratio components of EO 
composition, were higher in the AMF. 

de Souza 
et al. (2022) 

Cymbopogon 
citratus 

AMF improved plant growth and development and 
modified the content and composition of EOs. 

Khalediyan 
et al. (2021) 

Ocimum 
basilicum, 
Satureja hortensis 

AMF and PGPR increased linalol, methyl chavicol, 
trans-geraniol, camphor and limonene concentrations in 
basil EO and carvacrol, thymol, p-cymene, α-terpinene, 
and γ-terpinene in satureja EO components. 

Eke et al. 
(2020) 

Cymbopogon 
citratus 

Arbuscular mycorrhizal fungi improved antifungal 
potential of EO against fusarium solani, causing root rot 
in common bean. 

Weisany 
et al. (2021) 

Coriandrum 
sativum L. 

The contents of limonene, apiole, coriander ether, 
n-dihydrocarvone, carvone, myristicin, and coriander 
apiole were enhanced in glomus intraradices treated. 

Golubkina 
et al. (2020) 

Artemisia 
dracunculus, 
Hyssopus 
officinalis 

AMF inoculation resulted in a significant enhancement of 
EO yield. 

Azizi et al. 
(2021) 

Common Myrtle AMF (Funneliformis mosseae, Rhizophagus irregularis) 
and PGPR (Pseudomonas fluorescens, P. putida) 
inoculation improved growth, biochemical traits and EO 
content under drought stress. 

Kordi et al. 
(2020) 

Ocimum basilicum 
L. 

According to the findings, the greatest essential oil yield 
of sweet basil was obtained during the second harvest of 
the second year by using N2-fixing bacteria along with 
50% nitrogen chemical fertilizer in sole cropping, 
resulting in a yield of 30.8 kg h−1.

(continued)
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Table 9.1 (continued)

Authors Plant Results
Weisany 
et al. (2016a) 

Anethum 
graveolens L. 

The content of -phellandrene, limonene, −phellandrene, 
dill-ether, and carvone were enhanced in seed EO 
obtained from AM-inoculated and intercropped dill 
plants. 

Weisany 
et al. (2016b) 

Trigonella 
foenum-graecum 
L., Coriandrum 
sativum L., and 
Nigella sativa L. 

AM colonization of fenugreek, coriander, and nigella 
plants resulted in alterations in the composition of 
essential oils. 

Arpanahi 
et al. (2020) 

Thymus vulgaris AMF inoculation modulated drought through increasing 
EO production. 

Eshaghi 
Gorgi et al. 
(2022) 

Melissa officinalis Co-application of AMF and PGPRs improve growth and 
EO content. 

Arpanahi and 
Feizian 
(2019) 

Thymus vulgaris AMF with mild-moderate water stress, there is an 
increase in EO content but at severe water-stress essential 
oil content decreased. Interaction of AMF and water 
stress had significant effects on most components of EOs. 

Pankaj et al. 
(2019) 

Cymbopogon 
martinii 

AMF significantly improved EO yield and affected EO 
profile.

Glycyrrhiza glabra plantlets were inoculated with F. mosseae, their survival rate 
was 100% and they exhibited improved growth and development in greenhouse and 
glasshouse conditions, whereas without AMF, the survival rate was only 60–70% 
(Yadav et al. 2012, 2013). Similarly, Scutelleria integrifolia seedlings inoculated 
with C. etunicatum had significantly increased height and fresh weight of shoots, 
roots, and seeds following micropropagation (Joshee et al. 2007). 

According to Zeng et al. (2013), it is commonly believed that the increased levels 
of various secondary metabolites found in AMF-colonized plants are a result of 
several defense response pathways that are triggered. These pathways include the 
carotenoid pathway, the phenylpropanoid pathway, and alkaloid synthesis, which 
are known to promote signaling, stress tolerance, nutrient uptake, and resistance 
against biotic and abiotic stresses (Kaur and Suseela 2020). Despite this, the exact 
mechanisms through which AMF induce changes in the concentration of phyto-
chemicals in plant tissues are not yet fully understood (Toussaint et al. 2007). 

The production of terpenoids, phenolic compounds, and alkaloids in plants and 
how they are influenced by AMF has been the subject of many studies. Terpenoids, 
which are synthesized from isoprene units, are produced through two distinct path-
ways: the mevalonic acid (MVA) pathway and the methyleritrophosphate (MEP) 
pathway (Zhi et al. 2007). Various nutritional and non-nutritional factors have been 
suggested to account for the higher production of secondary metabolites in plants 
colonized by AMF, as outlined in Fig. 9.1, in studies by Kapoor et al. (2017), Sharma 
et al. (2017), and Dos Santos et al. (2021).  

AMF and PGPRs can impact the production of secondary metabolites in medici-
nal plants through both nutritional and non-nutritional means. Nutritional factors 
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such as the availability of essential nutrients and micronutrients can influence the 
growth and secondary metabolite production in plants. AMF can enhance nutrient 
uptake in plants, resulting in increased secondary metabolite production. Similarly, 
PGPRs can promote plant growth and improve nutrient uptake by fixing atmo-
spheric nitrogen, solubilizing phosphorus, and producing plant growth-promoting 
hormones. 

Non-nutritional factors such as light, temperature, humidity, and soil pH can also 
influence secondary metabolite production in plants by altering gene expression and 
enzyme activity. High light intensity, for instance, can stimulate the production of 
certain secondary metabolites, while low humidity can decrease plant growth and 
secondary metabolite production. In addition, stress conditions like drought or 
pathogen attack can induce the production of specific secondary metabolites in 
plants as a defense mechanism. To optimize the production of secondary metabo-
lites in medicinal plants using AMF and PGPRs, it is important to consider both 
nutritional and non-nutritional factors. By understanding and manipulating these 
factors, we can potentially increase the yield and quality of bioactive compounds in 
medicinal plants, which can have significant implications for the pharmaceutical 
and herbal industries. 

Initially, the increase in production of secondary metabolites in AMF-colonized 
plants was believed to be due to improved nutrient uptake (Lima et al. 2015; Oliveira 
et al. 2015) as a nutritional factor. For example, phosphorus is essential for the syn-
thesis of terpenoid precursors via the MVA and MEP pathways, by increasing the 
concentration of high-energy pyrophosphate compounds like IPP and DMAPP 
(Kapoor et al. 2002, 2004; Zubek et al. 2010). However, Khaosaad et al. (2006) 
discovered that the concentration of essential oils significantly increased in two 
Origanum sp. genotypes colonized by F. mosseae, while the levels of essential oils 
remained unchanged in plants treated with P. This suggests that the elevated produc-
tion of essential oils in AMF-colonized Origanum sp. plants may depend directly on 
the association with the fungus rather than just improved nutrient uptake as a nutri-
tional factor. 

9.6  Plant Growth-Promoting Rhizobacteria 

Plant-microbe coevolution has led to some of the bacteria becoming facultative 
intracellular endophytes (Bulgarelli et al. 2013). Among these free-living bacteria 
are PGPRs that exert beneficial effects on plants through direct and indirect mecha-
nisms. Beneficial rhizobacteria have been utilized to improve water and nutrient 
uptake, abiotic and biotic stress tolerance. Even though numerous soil bacteria have 
been reported to promote plant growth and development, the mode(s) of action by 
which the bacteria exhibit beneficial activities are often not well understood. The 
molecular basis of plant-bacteria interaction mechanisms responsible for the physi-
ological changes are beginning to be discerned, mainly due to the emerging “omics” 
approaches. PGPRs can affect the physiological and biochemical attributes in 
plants. The changes in secondary metabolite like essential oils is eminent in the 
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interaction of plants and PGPRs. Table 9.1 shows the positive effect of PGPRs in 
improving essential oil quality and quantity. 

9.6.1  Azotobacter 

PGPR helps to replace chemical fertilizer for the sustainable agriculture production 
by fixing the atmospheric nitrogen and producing growth-promoting substances. 
Among the PGPR group, Azotobacter are ubiquitous, aerobic, free-living, and N2- 
fixing bacteria commonly living in soil, water, and sediments. Being the major 
group of soilborne bacteria, Azotobacter plays different beneficial roles and is 
known to produce varieties of vitamins, amino acids, plant growth hormones, anti-
fungal substances, hydrogen cyanide, and siderophores. The growth-promoting 
substances, such as indoleacetic acid, gibberellic acid, and arginine, produced by 
Azotobacter have direct influence on shoot and root length as well as seed germina-
tion of several agricultural crops. Azotobacter species are efficient in fixation of 
highest amount of nitrogen, production of indoleacetic acid and gibberellic acid, 
and formation of larger phosphate-solubilizing zone. Many species of Pseudomonas, 
Bacillus, and Azotobacter can grow and survive at extreme environmental condi-
tions, namely, tolerant to higher salt concentration, pH values, and even at dry soils 
with maximum temperature. Different factors affect Azotobacter population in soil 
such as pH, phosphorus content, soil aeration, and moisture contents. A. chroococ-
cum found tolerant to a maximum NaCl concentration of 6% with a temperature of 
45 °C and also up to pH of 8. Azotobacter species such as A. vinelandii, A. chroococ-
cum, A. salinestris, A. tropicalis, and A. nigricans are able to produce antimicrobial 
compounds which inhibit the growth of common plant pathogens, viz., Fusarium, 
Aspergillus, Alternaria, Curvularia, and Rhizoctonia species. Pesticides used to 
control pests, insects, and phytopathogens are known to cause direct effect on soil 
microbiological aspects, environmental pollution, and health hazards in all living 
beings of the soil ecosystem. The species of Azotobacter are known to tolerate up to 
5% pesticide concentration and also to degrade heavy metals and pesticides. 
A. chroococcum and A. vinelandii proved their biodegradation efficiency of many 
commonly used pesticides, viz., endosulfan, chlorpyrifos, pendimethalin, phorate, 
glyphosate, and carbendazim. 

9.6.2  Pseudomonas Sp. 

Pseudomonas sp. is an aerobic, gram-negative, ubiquitous organism present in agri-
cultural soils and well adapted to grow in the rhizosphere. This rhizobacterium pos-
sesses many traits to act as a biocontrol agent and to promote the plant growth 
ability. It grows rapidly in vitro and can be mass-produced. It rapidly utilizes seed 
and root exudates and colonizes and multiplies in the rhizosphere and spermosphere 
environments. In the plant rhizosphere, it produces a wide spectrum of bioactive 
metabolites, that is, antibiotics, siderophores, volatiles, and growth-promoting 
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substances; competes aggressively with other microorganisms; and adapts to envi-
ronmental stresses. In addition, pseudomonads are responsible for the natural sup-
pressiveness of some soilborne pathogens. It suppresses the growth of pathogenic 
microorganisms by various mechanisms, namely, production of antibiotics, bacte-
riocins, siderophores, hydrolytic enzymes such as β-1,3-glucanase and chitinases, 
and other metabolites such as phytoalexins and induction of systemic resistance. In 
this chapter, the characteristics of Pseudomonas sp., plant growth-promoting prop-
erties, mechanisms of plant growth promotion, and induction of systemic resistance 
by plant growth-promoting rhizobacterium (PGPR) against diseases and insect and 
nematode pests have been reviewed. PGPR strains initiating induced systemic resis-
tance against a wide array of plant pathogens causing fungal, bacterial, and viral 
diseases and insect and nematode pests are discussed. Synergistic effects of PGPR 
strain mixtures and PGPRs as endophytes are brought out. Modes of action of 
Pseudomonas against fungal pathogens have been explained. Plant-disease controls 
by P. fluorescens have been elaborated. Interaction of P. fluorescens with pesticides 
has been indicated. Formulation characteristics, its approved uses in India, methods 
of application, and data requirements for registration particularly in India are dis-
cussed. Factors affecting growth of biopesticides and future issues and research 
needs in biopesticides are discussed. 

PGPRs can exert both direct and indirect effects on plants, as shown in Fig. 9.2. 
Direct effects involve the PGPRs’ direct interactions with the plants, such as the 
production of plant growth hormones like auxins, cytokinins, and gibberellins, 
which can enhance plant growth and development. Additionally, PGPRs can secrete 
siderophores, iron-chelating compounds that facilitate iron uptake by plants, espe-
cially in iron-limited soils.  

Fig. 9.2 Direct and indirect effects of PGPRs on plants  
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Indirect effects refer to the influence of PGPRs on other soil organisms, which 
subsequently affect plant growth and development. For example, PGPRs can stimu-
late the activity of other soil microorganisms, including mycorrhizal fungi, which 
can form mutually beneficial associations with plants to enhance nutrient uptake. 
PGPRs can also trigger systemic resistance in plants, making them more resistant to 
pathogens and pests. The direct and indirect effects of PGPRs on plants can signifi-
cantly enhance plant growth, nutrient uptake, and overall health, which can have 
vital implications for agriculture and sustainable crop production. 

9.7  The Effects of PGPRs on Essential Oil 

The positive role of PGPRs in improving EO content and EO profile of some medic-
inal plants has been reported. The PGPRs can modify the biosynthesis pathway of 
EO production in plants and lead to significant changes in yield and compounds. 
The improvement of EO content by PGPRs has been presented in Table  9.2. 
Accordingly, Yilmaz & Karik reported that PGPRs inoculation under low drought 
stress-enhanced Trachyspermum ammi seeds’ EO bioactivity. Sammak showed that 
the synergistic effect of AMF and Pseudomonas fluorescens improved growth and 
yield of Thymus kotschyanus EOs. Amini et al. (2020) noted that PGPRs improved 
EO yield and composition of Dracocephalum moldavica as affected by inoculation 
treatments under drought stress condition.   

PGPRs have been found to positively affect the essential oil (EO) production of 
medicinal plants through various mechanisms. 

Table 9.2 The effects of PGPRs on essential oil of different plant species from 2020 to 2023 

Author/s PGPRs Results 
Yilmaz and 
Karik (2022) 

Azotobacter 
chroococcum 

PGPRs inoculation under low drought stress- 
enhanced Trachyspermum ammi seeds’ EO 
bioactivity. 

Hatami et al. 
(2021) 

Pseudomonasfluorescens 
and P. putida 

Silicon nanoparticle-mediated seed priming and 
pseudomonas spp. inoculation-enhanced growth, 
antioxidant capacity, and EO yield in Melissa 
officinalis L. 

Sammak 
et al. (2020) 

Pseudomonas 
fluorescens 

The synergistic effect of AMF and Pseudomonas 
fluorescens improved growth and yield of Thymus 
kotschyanus EOs. 

Amini et al. 
(2020) 

Piriformospora indica, 
Pseudomonas 
fluorescens 

PGPRs improved EO yield and composition of 
Dracocephalum moldavica as affected by 
inoculation treatments under drought stress 
condition. 

Dehsheikh 
et al. (2020) 

N-fixing bacteria, 
P-solubilizing bacteria 

Combined PGPRs improved soil microbial activity, 
essential oil quantity, and quality of Thai basil. 

Mirzaei et al. 
(2020) 

Pseudomonas sp., 
Azotobacter sp. 

PGPR improved the plant growth and EO 
properties by increasing antioxidant capacity of 
lemongrass. 
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One of the main mechanisms is the ability of PGPRs to improve nutrient acquisi-
tion in plants, particularly the uptake of nitrogen, phosphorus, and other essential 
minerals. PGPRs can achieve this by solubilizing insoluble minerals, chelating min-
erals, and producing enzymes that facilitate nutrient uptake. By improving nutrient 
availability, PGPRs can support the growth and development of medicinal plants, 
leading to an increase in EO production. 

PGPRs can also modulate plant hormone levels, including the production of phy-
tohormones such as auxins, cytokinins, and gibberellins. These hormones are cru-
cial in plant growth and development, and can influence the production of secondary 
metabolites such as EOs. For example, auxins have been shown to promote the 
biosynthesis of several EO components, while cytokinins can enhance the synthesis 
of certain aromatic compounds. 

Furthermore, PGPRs can help to mitigate abiotic and biotic stress in medicinal 
plants. Stresses such as drought, salinity, and pathogen attack can negatively impact 
plant growth and development, as well as EO production. PGPRs can alleviate these 
stresses by inducing the expression of stress-responsive genes and producing com-
pounds such as osmolytes, antioxidants, and siderophores that protect the plant 
from damage. In addition, PGPRs can interact with other microorganisms in the 
rhizosphere, including mycorrhizal fungi and other beneficial bacteria. These inter-
actions can promote synergistic effects on plant growth and EO production, by 
improving nutrient acquisition, hormone levels, and stress tolerance. 

Overall, the effects of PGPRs on EO production in medicinal plants are complex 
and multifaceted. The ability of PGPRs to improve nutrient uptake, induce hormone 
production, and modulate stress responses can enhance the growth and development 
of medicinal plants, leading to an increase in EO production and quality. Further 
research is needed to fully understand the mechanisms behind the effects of PGPRs 
on EO production, as well as to identify the optimal PGPR strains and application 
methods for different medicinal plant species. 

9.8  Conclusion 

In conclusion, the use of biofertilizers and microbial consortia is a promising and 
sustainable approach to enhance the growth and secondary metabolite production of 
medicinal plants. By harnessing the beneficial effects of microorganisms like AMF 
and PGPRs, we can improve plant resilience and increase the accumulation of active 
compounds. However, to achieve optimal results, it is crucial to also consider envi-
ronmental factors such as light, temperature, humidity, and soil fertility, as well as 
cultivation techniques. By using innovative substrate-based and substrate-free sys-
tems like aeroponic and hydroponic systems, and micropropagation, we can create 
ideal growth conditions for medicinal plants and ensure the production of high- 
quality bioactive substances. This can have significant implications for the pharma-
ceutical and herbal industries, as well as for the overall health and well-being of 
society. 
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