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I. Abstract 

The plant microbiome represents a complex and integrated biological system that plays a fundamental role 

in supporting plant growth and enhancing plant adaptability to a wide range of environmental stresses, 

including both biotic and abiotic factors. Plant-associated microorganisms significantly contribute to 

improving nutrient acquisition from the soil through processes such as nitrogen fixation, phosphate 

solubilization, and increased availability of essential mineral elements, thereby promoting plant growth and 

improving overall physiological performance. 

Moreover, the plant microbiome plays a crucial role in regulating plant hormonal balance through the 

production of growth-promoting compounds such as auxins, cytokinins, and gibberellins, which positively 

influence root development and overall biomass accumulation. In addition, it contributes to reducing 

oxidative stress induced by harsh environmental conditions by activating antioxidant defense systems and 

minimizing reactive oxygen species accumulation, thereby maintaining cellular integrity. 

Furthermore, the plant microbiome enhances plant tolerance to drought, salinity, and temperature 

extremes by improving water use efficiency, maintaining ionic homeostasis, and protecting cellular proteins 

and membranes from damage. It also strengthens plant immune responses against pathogens through 

mechanisms such as induced systemic resistance (ISR), biological competition, and the production of 

antimicrobial compounds. 

Based on the findings presented, the utilization of the plant microbiome represents a promising strategy 

for advancing sustainable agriculture. It contributes to reducing dependence on chemical fertilizers and 

pesticides, improving crop productivity, and strengthening global food security in the face of increasing 

climate change and environmental challenges. 
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II. Introduction 

The plant microbiome refers to the complex community of microorganisms, including bacteria, fungi, 

archaea, and viruses, that are closely associated with plants in different ecological niches such as the 

rhizosphere, phyllosphere, and endosphere[1] . These microorganisms constitute an essential component 

of the plant holobiont, playing critical roles in plant growth, nutrient acquisition, protection against 

pathogens, and enhancement of plant adaptation to diverse environmental conditions[2] . 

The interaction between plants and microorganisms is based on intricate symbiotic relationships that 

contribute significantly to maintaining plant physiological and ecological balance[3] . Plant growth-

promoting microorganisms (PGPM) enhance nutrient uptake, synthesize phytohormones, stimulate 

systemic resistance mechanisms, and improve water and mineral utilization efficiency. Consequently, the 

plant microbiome is increasingly recognized as the “second genome” of plants due to its profound influence 

on plant health, productivity, and environmental adaptability[4] . 

Plants are continuously exposed to various environmental stresses that adversely affect their growth and 

agricultural productivity. These stresses are generally classified into abiotic stresses, such as drought, 

salinity, extreme temperatures, and heavy metal toxicity, and biotic stresses, including infections caused by 

pathogens and insect infestations[5] . Such stress conditions induce numerous physiological and 

biochemical disturbances within plants, including excessive production of reactive oxygen species (ROS), 

impairment of photosynthetic efficiency, and disruption of water and nutrient balance[6] . 

In recent years, considerable scientific attention has been directed toward the study of the plant 

microbiome as a sustainable biological strategy for enhancing plant tolerance to environmental stresses 

while reducing dependence on chemical fertilizers and pesticides[7] . Emerging studies have demonstrated 

that beneficial microorganisms can improve plant stress resilience through multiple mechanisms, including 

regulation of gene expression, stimulation of antioxidant defense systems, production of osmolytes, and 

enhancement of nutrient acquisition[8] . Therefore, the application of plant microbiome-based approaches 

represents a promising direction in modern agriculture for achieving sustainable crop production and food 

security under the increasing challenges posed by global climate change[9] . 

This review aims to highlight the vital role of the plant microbiome in enhancing plant tolerance to various 

environmental stresses, including abiotic stresses such as drought, salinity, high temperatures, and heavy 

metal toxicity, as well as biotic stresses caused by pathogens and pests. It also seeks to clarify the nature of 

the interactions between plants and beneficial microorganisms, in addition to explaining the physiological 

and molecular mechanisms through which these microorganisms improve plant growth and increase 

resistance to adverse environmental conditions. 
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2. Plant Microbiome 

2.1 Definition of the Plant Microbiome 

The term microbiome refers to the entire community of microorganisms inhabiting a specific environment, 

together with their genetic material, metabolic products, and interactions with the surrounding 

ecosystem[10] . In plants, the microbiome includes diverse groups of microorganisms such as bacteria, 

fungi, archaea, viruses, and protozoa that colonize different plant-associated niches including the 

rhizosphere, phyllosphere, and endosphere. These microbial communities play fundamental roles in 

maintaining plant health, growth, nutrient cycling, and environmental adaptation[11] . 

Although the terms microbiota and microbiome are often used interchangeably, they differ scientifically in 

meaning[12] . The term microbiota specifically refers to the collection of living microorganisms present 

within a defined habitat, whereas microbiome encompasses not only the microorganisms themselves but 

also their collective genomes, functional genes, metabolites, and ecological interactions[13] . Therefore, 

the microbiome represents a broader and more comprehensive concept that includes both the microbial 

community and its functional potential within the plant environment[14] . 

The plant microbiome is increasingly recognized as an integral component of plant biology due to its 

significant influence on physiological processes, stress tolerance, disease resistance, and overall agricultural 

productivity[15] . Recent advances in molecular biology and metagenomic technologies have greatly 

enhanced the understanding of plant–microbe interactions and the functional diversity of microbial 

communities associated with plants[16] . 

2.2 Types of Plant-Associated Microorganisms 

Plants are associated with a highly diverse community of microorganisms that inhabit different plant 

compartments and contribute significantly to plant growth, nutrient acquisition, and stress tolerance. These 

microorganisms include bacteria, fungi, actinomycetes, algae, and several other microscopic organisms that 

establish complex ecological interactions with their host plants[17] . 

Bacteria 

Bacteria are among the most abundant and extensively studied components of the plant microbiome. They 

colonize the rhizosphere, phyllosphere, and internal plant tissues[18] , where they perform essential 

biological functions. Plant growth-promoting bacteria (PGPB) enhance plant development through nitrogen 

fixation, phosphate solubilization, siderophore production, phytohormone synthesis, and induction of 

systemic resistance against pathogens[19] . Genera such as Pseudomonas, Bacillus, Azospirillum, and 

Rhizobium are widely recognized for their beneficial effects on plant growth and environmental stress 

tolerance[20] . 
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Fungi 

Fungi constitute another major group of plant-associated microorganisms and are involved in numerous 

symbiotic interactions with plants. Mycorrhizal fungi establish mutualistic associations with plant roots, 

improving water absorption and nutrient uptake, particularly phosphorus and micronutrients[21] . In 

addition, certain endophytic fungi enhance plant resistance to drought, salinity, and pathogenic infections 

by producing bioactive metabolites and stimulating plant defense mechanisms. However, some fungal 

species may also act as plant pathogens under favorable conditions[22] . 

Actinomycetes 

Actinomycetes are filamentous Gram-positive bacteria commonly found in soil and root-associated 

environments. They are known for their ability to produce a wide range of secondary metabolites, including 

antibiotics, enzymes, and growth-promoting compounds[23] . Members of the genus Streptomyces play 

important roles in suppressing plant pathogens and enhancing soil fertility. Actinomycetes also contribute 

to organic matter decomposition and nutrient cycling, thereby improving soil health and plant 

productivity[24] . 

Algae and Other Microorganisms 

Certain algae, particularly cyanobacteria, contribute to plant growth through nitrogen fixation, production 

of bioactive compounds, and improvement of soil structure and fertility[25] . In aquatic and semi-arid 

environments, these microorganisms play essential ecological roles in maintaining nutrient balance and 

enhancing soil stability[26] . Other plant-associated microorganisms, including archaea, protozoa, and 

viruses, also influence plant health and microbial community dynamics. Although their functions are less 

extensively studied, emerging research suggests that these organisms participate in nutrient 

transformation, microbial regulation, and plant stress adaptation[27] . 

2.3 Locations of the Plant Microbiome 

The plant microbiome is not randomly distributed, but rather occupies specific ecological niches on and 

within plant tissues. These habitats provide distinct physical and chemical environments that shape 

microbial composition, diversity, and function[28] . 

 

Rhizosphere (Root Zone) 

The rhizosphere refers to the narrow region of soil directly influenced by plant roots[29] . It is considered 

one of the most microbiologically active zones due to the continuous release of root exudates, including 

sugars, amino acids, organic acids, and secondary metabolites[30] . These compounds serve as energy 

sources that attract and support dense microbial populations. The rhizosphere microbiome plays a crucial 
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role in nutrient cycling, particularly nitrogen and phosphorus availability, suppression of soil-borne 

pathogens, and enhancement of plant growth and stress tolerance[31] . 

Endophytes (Internal Plant Tissues) 

Endophytes are microorganisms that colonize internal plant tissues without causing visible disease 

symptoms. They can inhabit roots, stems, leaves, and even seeds[32] . These microorganisms live in a 

protected environment within the plant, where they establish mutualistic relationships with their host. 

Endophytic bacteria and fungi contribute to plant health by producing phytohormones, enhancing nutrient 

uptake, inducing systemic resistance, and improving tolerance to abiotic stresses such as drought, salinity, 

and temperature extremes[33ٍ] . 

Phyllosphere (Leaf Surface) 

The phyllosphere refers to the above-ground surfaces of plants, particularly leaves, which are exposed to 

fluctuating environmental conditions such as ultraviolet radiation, temperature variation, and limited 

nutrient availability[34] . Despite these harsh conditions, a diverse microbial community exists on leaf 

surfaces[35]. Phyllosphere microorganisms contribute to plant health by protecting against foliar 

pathogens, modulating leaf physiology, and participating in nutrient exchange. Some also produce 

antimicrobial compounds that inhibit pathogen colonization[36] . 

 

 

3. Environmental Stresses Affecting Plants 

3.1 Biotic Stress 

Biotic stress refers to the harmful effects imposed on plants by living organisms that interfere with their 

normal growth, development, and productivity[37] . These stresses result from continuous ecological 

interactions between plants and a wide range of biological agents present in their environment, and they 

represent a major limiting factor in agricultural systems worldwide[38] . 

One of the primary sources of biotic stress is plant pathogens, which include bacteria, fungi, viruses, and 

nematodes. These pathogens infect different plant tissues and disrupt essential physiological and 

biochemical processes. The infection process often leads to symptoms such as leaf spots, wilting, root rot, 

vascular dysfunction, and tissue necrosis[39] . As a consequence, the transport of water and nutrients is 

impaired, photosynthetic efficiency is reduced, and the plant activates complex defense responses. In 

severe cases, pathogen infection can result in substantial yield losses and a decline in crop quality[40] . 
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In addition to microbial pathogens, insects and parasitic organisms also constitute significant biotic stress 

factors[41] . Herbivorous insects damage plants through direct feeding on leaves, stems, roots, or 

reproductive structures, leading to tissue destruction, reduced biomass, and weakened plant vigor[42] . 

Moreover, many insect species act as vectors for plant pathogens, thereby facilitating the spread of 

infectious diseases. Parasitic plants further intensify this stress by extracting water and nutrients directly 

from host plants, which ultimately results in growth suppression and developmental abnormalities[43] . 

3.2 Abiotic Stress 

Abiotic stress refers to the adverse effects on plants caused by non-living environmental factors that disrupt 

normal physiological, biochemical, and molecular processes[44] . These stresses represent major 

constraints on plant growth and agricultural productivity worldwide, particularly under changing climatic 

conditions[45] . 

One of the most significant abiotic stresses is drought, which leads to water deficiency in plant tissues, 

resulting in reduced cell turgor, impaired photosynthesis, and inhibition of growth and development[46] . 

Prolonged water scarcity also triggers oxidative stress due to the overproduction of reactive oxygen species 

(ROS), which can damage cellular structures if not properly regulated[47] . 

Salinity stress is another critical factor affecting plant performance, particularly in irrigated and arid 

regions[48] . High salt concentrations in the soil cause osmotic stress, reducing the plant’s ability to absorb 

water, and ionic stress due to the toxic accumulation of sodium (Na⁺) and chloride (Cl⁻) ions. These 

conditions negatively affect enzyme activity, nutrient balance, and overall metabolic functions[49] . 

Temperature extremes, both high and low, also impose severe stress on plants. High temperatures can 

denature proteins, disrupt membrane stability, and accelerate water loss through transpiration[50] , while 

low temperatures may lead to membrane rigidity, reduced enzymatic activity, and inhibition of metabolic 

reactions. Both conditions ultimately impair plant growth and productivity[51] . 

Heavy metal stress arises from the accumulation of toxic metals such as cadmium, lead, and mercury in the 

soil[52] . These metals interfere with essential physiological processes, inhibit enzyme function, and induce 

oxidative damage, leading to growth retardation and potential plant toxicity[53] . 

Nutrient deficiency is another important abiotic stress factor that affects plant development. Insufficient 

availability of essential macro- and micronutrients such as nitrogen, phosphorus, potassium, iron, and zinc 

limits metabolic activities, reduces chlorophyll synthesis, and impairs overall plant vigor[54] . 

 

 

4. Mechanisms of the Microbiome in Enhancing Environmental Stress Tolerance 
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The plant microbiome enhances plant tolerance to environmental stresses through multiple integrated 

physiological, biochemical, and molecular mechanisms. These interactions collectively improve plant 

growth, resilience, and survival under adverse conditions[55] . 

4.1 Enhancement of Nutrient Uptake 

Plant-associated microorganisms significantly improve nutrient availability and uptake. One of the most 

important mechanisms is biological nitrogen fixation, in which diazotrophic bacteria convert atmospheric 

nitrogen (N₂) into ammonia, a form usable by plants[56] . In addition, many microbes contribute to 

phosphate solubilization by releasing organic acids and phosphatases that convert insoluble phosphorus 

into plant-available forms[57] . Furthermore, microbial activity enhances the uptake of essential mineral 

nutrients such as iron, zinc, and potassium by increasing their solubility and mobility in the soil[58] . 

4.2 Production of Plant Growth-Promoting Compounds 

Beneficial microorganisms synthesize a wide range of phytohormones that directly stimulate plant growth 

and development[59] . These include auxins, which promote root elongation and branching; cytokinins, 

which regulate cell division and delay senescence; and gibberellins, which enhance seed germination, stem 

elongation, and overall biomass production[60] . The production of these compounds enables plants to 

maintain better growth performance under stressful environmental conditions[61] . 

4.3 Reduction of Oxidative Stress 

Under environmental stress, plants often accumulate reactive oxygen species (ROS), which can damage 

proteins, lipids, and nucleic acids[62] . Plant-associated microorganisms help mitigate oxidative stress by 

activating the plant’s antioxidant defense system[63] . This includes the stimulation of key antioxidant 

enzymes such as catalase, superoxide dismutase, and peroxidase, which detoxify ROS and protect cellular 

structures from oxidative damage[64] . 

4.4 Regulation of Plant Hormones 

Microbial communities play a crucial role in modulating plant hormonal balance, particularly under stress 

conditions. A key mechanism involves the enzyme 1-aminocyclopropane-1-carboxylate (ACC) 

deaminase[65] , which reduces ethylene levels in plants. Since ethylene is a stress hormone that 

accumulates under adverse conditions and inhibits plant growth, its regulation by microorganisms helps 

alleviate stress-induced growth inhibition and promotes better plant development[66] . 

4.5 Enhancement of Plant Immune System 

The plant microbiome also strengthens plant defense mechanisms through the induction of systemic 

resistance. This process, known as induced systemic resistance (ISR)[67] , primes the plant’s immune system 

to respond more rapidly and effectively to pathogen attack. Beneficial microorganisms activate signaling 
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pathways that enhance the production of defensive enzymes, antimicrobial compounds, and structural 

barriers, thereby improving resistance against a wide range of biotic stresses[68] . 

5. Role of the Microbiome in Tolerance to Different Types of Stress 

The plant microbiome contributes significantly to improving plant tolerance to a wide range of 

environmental stresses through physiological and biochemical modulation that enhances plant adaptation 

and survival[69] . 

5.1 Drought Tolerance 

Under drought conditions, plant-associated microorganisms improve plant performance by enhancing 

water use efficiency and maintaining cellular hydration. Many beneficial microbes stimulate root system 

development, leading to increased root length, density, and surface area, which allows plants to access 

water from deeper soil layers. In addition, some microorganisms induce the accumulation of 

osmoprotectants that help maintain cellular turgor under water-limited conditions[70] . 

5.2 Salinity Tolerance 

In saline environments, the plant microbiome plays a crucial role in reducing sodium toxicity and 

maintaining ionic balance within plant tissues. Beneficial microorganisms can limit sodium (Na⁺) uptake or 

promote its compartmentalization, thereby preventing its toxic accumulation in sensitive cellular 

compartments. Moreover, they enhance the uptake of essential nutrients such as potassium (K⁺), 

contributing to ion homeostasis and improved metabolic stability under salt stress[71] . 

5.3 Heat and Cold Tolerance 

Microorganisms associated with plants also improve tolerance to temperature extremes. Under heat stress, 

they help stabilize cellular membranes and reduce protein denaturation by enhancing antioxidant activity 

and protective metabolite production. Under cold stress, they contribute to maintaining membrane fluidity 

and supporting enzymatic activity, thereby reducing the damaging effects of low temperatures on cellular 

metabolism[72] . 

5.4 Resistance to Plant Pathogens 

The plant microbiome enhances resistance to pathogenic organisms through multiple mechanisms. One of 

the most important is competitive exclusion, where beneficial microorganisms outcompete pathogens for 

space and nutrients. Additionally, many microbes produce antimicrobial compounds such as antibiotics, 

enzymes, and secondary metabolites that directly inhibit pathogen growth and infection. These processes 

collectively reduce disease incidence and severity in plants[73] . 

6. Agricultural Applications of the Plant Microbiome 
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The functional properties of the plant microbiome have been widely exploited in modern agriculture to 

improve crop productivity and sustainability[74]. 

One of the most important applications is the development of biofertilizers, which contain beneficial 

microorganisms that enhance nutrient availability and promote plant growth. These biofertilizers reduce 

the need for chemical fertilizers and improve soil fertility in an environmentally friendly manner[75] . 

Another major application is the use of biocontrol agents, which are microbial organisms capable of 

suppressing plant pathogens through antagonistic interactions, competition, and the production of 

antimicrobial substances. These agents provide an eco-friendly alternative to chemical pesticides[76] . 

The plant microbiome also plays a central role in sustainable agriculture by improving soil health, enhancing 

stress tolerance, and supporting long-term productivity without degrading environmental resources. As a 

result, it contributes to the development of resilient agricultural systems under changing climatic 

conditions[77] . 

In recent years, there has been a growing interest in studying the plant microbiome and its role in enhancing 

plant tolerance to various environmental stresses, particularly in the context of climate change and the 

degradation of natural resources. Numerous recent studies have demonstrated that plant-associated 

microorganisms possess a remarkable capacity to improve plant growth and increase resistance to drought, 

salinity, extreme temperatures, and other stress conditions [78-79]  

A recent study indicated that plant growth-promoting bacteria (PGPR) significantly contribute to improving 

drought tolerance by enhancing water use efficiency, stimulating root growth, regulating plant hormonal 

balance, activating antioxidant defense mechanisms, and reducing oxidative stress induced by water 

deficiency [ 80]  Other studies have further shown that these microorganisms enhance nutrient uptake, 

modify root architecture, and increase the production of osmoprotectants, which enable plants to adapt 

more effectively to severe drought conditions [81] . 

Regarding salinity stress, recent scientific reviews have highlighted that the plant microbiome plays a crucial 

role in mitigating sodium toxicity by regulating ionic homeostasis within plant cells, enhancing potassium 

uptake, and stimulating the production of protective compounds that maintain metabolic stability  [82] In 

addition, these microorganisms contribute to strengthening antioxidant enzymatic activity and reducing 

cellular membrane damage caused by salt stress [83]  

In the case of biotic stress, studies have demonstrated that the plant microbiome enhances plant resistance 

to pathogens through multiple mechanisms, including competition for resources, production of 

antimicrobial compounds, and induction of induced systemic resistance (ISR). These mechanisms 

collectively reduce disease severity and improve overall plant health [84-85]. 
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Conclusion  

The plant microbiome plays a key role in supporting plant growth and improving tolerance to both abiotic 

and biotic stresses through enhancing nutrient uptake, regulating hormones, reducing oxidative stress, and 

strengthening plant defense systems. These functions collectively improve plant health and productivity. 

Utilizing the plant microbiome represents a sustainable strategy to enhance agricultural production and 

support global food security by reducing dependence on chemical fertilizers and pesticides. 

Future research should focus on better understanding plant–microbe interactions and developing efficient 

microbial applications that can be used effectively under field conditions to promote sustainable 

agriculture. 

Reference 

1. Compant, S., Samad, A., Faist, H., & Sessitsch, A. (2019). A review on the plant microbiome: 

ecology, functions, and emerging trends in microbial application. Journal of advanced 

research, 19, 29-37. 

2. Ali, S., Tyagi, A., Mir, R. A., Rather, I. A., Anwar, Y., & Mahmoudi, H. (2023). Plant beneficial 

microbiome a boon for improving multiple stress tolerance in plants. Frontiers in Plant 

Science, 14, 1266182. 

3. Munir, N., Hanif, M., Abideen, Z., Sohail, M., El-Keblawy, A., Radicetti, E., ... & Haider, G. (2022). 

Mechanisms and strategies of plant microbiome interactions to mitigate abiotic 

stresses. Agronomy, 12(9), 2069. 

4. Liu, H., Brettell, L. E., Qiu, Z., & Singh, B. K. (2020). Microbiome-mediated stress resistance in 

plants. Trends in plant science, 25(8), 733-743. 

5. Li, X., Xiao, R., & Tao, Y. (2025). Enhancing plant stress resilience and agricultural sustainability 

through rhizosphere microbiome optimization. Plant and Soil, 513(2), 1711-1723. 

6. Sachdev, S., Ansari, S. A., Ansari, M. I., Fujita, M., & Hasanuzzaman, M. (2021). Abiotic stress and 

reactive oxygen species: Generation, signaling, and defense mechanisms. Antioxidants, 10(2), 

277. 

7. Hasanuzzaman, M., Bhuyan, M. B., Parvin, K., Bhuiyan, T. F., Anee, T. I., Nahar, K., ... & Fujita, M. 

(2020). Regulation of ROS metabolism in plants under environmental stress: A review of recent 

experimental evidence. International Journal of Molecular Sciences, 21(22), 8695. 

8. Thakur, N., Nigam, M., Mann, N. A., Gupta, S., Hussain, C. M., Shukla, S. K., ... & Khan, S. A. 

(2023). Host-mediated gene engineering and microbiome-based technology optimization for 

sustainable agriculture and environment. Functional & Integrative Genomics, 23(1), 57. 

9. Callens, K., Fontaine, F., Sanz, Y., Bogdanski, A., D ‘Hondt, K., Lange, L., ... & Sessitsch, A. (2022). 

Microbiome-based solutions to address new and existing threats to food security, nutrition, 

health and agrifood systems' sustainability. Frontiers in Sustainable Food Systems, 6, 1047765. 

https://iasj.rdd.edu.iq/journals/journal/issue/20226
https://doi.org/10.54174/utjagr.v13ii
https://creativecommons.org/licenses/by-nc-sa/4.0/


University of Thi-Qar Journal of agricultural research 

Thi-Qar Journal of agricultural research 

ISSN Onlin:2708 -9347, ISSN Print: 2708 -9339  Volume 15, Issue 1 (2026) 

https://iasj.rdd.edu.iq/journals/journal/issue/20226                https://doi.org/10.54174/utjagr.v13ii 020. 

Page 11    

 

UTJagr This is an open access article under the CC-BY-NC-SA license (https://creativecommons.org/licenses/by-nc-sa/4.0/ )  

10. Berg, G., Rybakova, D., Fischer, D., Cernava, T., Vergès, M. C. C., Charles, T., ... & Schloter, M. 

(2020). Microbiome definition re-visited: old concepts and new challenges. Microbiome, 8(1), 

103. 

11. Desai, S. A., Patel, V. P., Bhosle, K., Nagare, S., Thombare, K., Hashem, A., ... & Parray, J. A. (2024). 

Microbiome and ecosystem approaches. In Progress in soil microbiome research (pp. 37-52). 

Cham: Springer Nature Switzerland. 

12. Shanahan, F., Ghosh, T. S., & O’Toole, P. W. (2021). The healthy microbiome—what is the 

definition of a healthy gut microbiome?. Gastroenterology, 160(2), 483-494. 

13. Walter, J., Armet, A. M., Finlay, B. B., & Shanahan, F. (2020). Establishing or exaggerating 

causality for the gut microbiome: lessons from human microbiota-associated 

rodents. Cell, 180(2), 221-232. 

14. Afridi, M. S., Javed, M. A., Ali, S., De Medeiros, F. H. V., Ali, B., Salam, A., ... & Santoyo, G. (2022). 

New opportunities in plant microbiome engineering for increasing agricultural sustainability 

under stressful conditions. Frontiers in Plant Science, 13, 899464. 

15. Yadav, A. N. (2020). Plant microbiomes for sustainable agriculture: current research and future 

challenges. Plant microbiomes for sustainable agriculture, 475-482. 

16. Patz, S., Gautam, A., Becker, M., Ruppel, S., Rodríguez-Palenzuela, P., & Huson, D. H. (2021). 

PLaBAse: a comprehensive web resource for analyzing the plant growth-promoting potential of 

plant-associated bacteria. BioRxiv, 2021-12. 

17. Mgadi, K., Ndaba, B., Roopnarain, A., Rama, H., & Adeleke, R. (2024). Nanoparticle applications in 

agriculture: overview and response of plant-associated microorganisms. Frontiers in 

Microbiology, 15, 1354440. 

18. Dong, C. J., Wang, L. L., Li, Q., & Shang, Q. M. (2019). Bacterial communities in the rhizosphere, 

phyllosphere and endosphere of tomato plants. PloS one, 14(11), e0223847. 

19. Meinzer, M., Ahmad, N., & Nielsen, B. L. (2023). Halophilic plant-associated bacteria with plant-

growth-promoting potential. Microorganisms, 11(12), 2910. 

20. Bonatelli, M. L., Lacerda-Júnior, G. V., dos Reis Junior, F. B., Fernandes-Júnior, P. I., Melo, I. S., & 

Quecine, M. C. (2021). Beneficial plant-associated microorganisms from semiarid regions and 

seasonally dry environments: a review. Frontiers in Microbiology, 11, 553223. 

21. Zanne, A. E., Abarenkov, K., Afkhami, M. E., Aguilar‐Trigueros, C. A., Bates, S., Bhatnagar, J. M., ... 

& Treseder, K. K. (2020). Fungal functional ecology: bringing a trait‐based approach to plant‐

associated fungi. Biological Reviews, 95(2), 409-433. 

22. Inderbitzin, P., Robbertse, B., & Schoch, C. L. (2020). Species identification in plant-associated 

prokaryotes and fungi using DNA. Phytobiomes journal, 4(2), 103-114. 

23. Ryabova, O. V., & Gagarina, A. A. (2022). Actinomycetes as the Basis of Probiotics for 

Plants. Applied Biochemistry and Microbiology, 58(7), 827-841. 

24. Kavya, T., Govindasamy, V., Suman, A., & Abraham, G. (2024). Plant–actinobacteria interactions 

for biotic and abiotic stress management in crops. In Plant Holobiome Engineering for Climate-

Smart Agriculture (pp. 441-463). Singapore: Springer Nature Singapore. 

https://iasj.rdd.edu.iq/journals/journal/issue/20226
https://doi.org/10.54174/utjagr.v13ii
https://creativecommons.org/licenses/by-nc-sa/4.0/


University of Thi-Qar Journal of agricultural research 

Thi-Qar Journal of agricultural research 

ISSN Onlin:2708 -9347, ISSN Print: 2708 -9339  Volume 15, Issue 1 (2026) 

https://iasj.rdd.edu.iq/journals/journal/issue/20226                https://doi.org/10.54174/utjagr.v13ii 020. 

Page 12    

 

UTJagr This is an open access article under the CC-BY-NC-SA license (https://creativecommons.org/licenses/by-nc-sa/4.0/ )  

25. Lee, S. M., & Ryu, C. M. (2021). Algae as new kids in the beneficial plant microbiome. Frontiers in 

Plant Science, 12, 599742. 

26. Masudi, W. L., Titilawo, Y., Keshinro, T. A., & Cowan, A. K. (2024). Isolation of bacteria with plant 

growth-promoting properties from microalgae-bacterial flocs produced in high-rate oxidation 

ponds. Environmental Technology, 45(20), 4003-4016. 

27. Murugesan, S., Priya, P., & Sivamurugan, V. (2025). Microbial interactions in soil algae. In Soil 

Algae: Morphology, Ecology and Biotechnological Applications (pp. 1-35). Singapore: Springer 

Nature Singapore. 

28. Xing, Y., Bian, C., Xue, H., Song, Y., Men, W., Hou, W., ... & Xu, L. (2023). The effect of plant 

compartment and geographical location on shaping microbiome of Pulsatilla chinensis. Applied 

Microbiology and Biotechnology, 107(17), 5555-5567. 

29. Habiyaremye, J. D. D., Goldmann, K., Reitz, T., Herrmann, S., & Buscot, F. (2020). Tree root zone 

microbiome: exploring the magnitude of environmental conditions and host tree 

impact. Frontiers in Microbiology, 11, 749. 

30. Xing, Y., Bian, C., Xue, H., Song, Y., Men, W., Hou, W., ... & Xu, L. (2023). The effect of plant 

compartment and geographical location on shaping microbiome of Pulsatilla chinensis. Applied 

Microbiology and Biotechnology, 107(17), 5555-5567. 

31. Habiyaremye, J. D. D., Goldmann, K., Reitz, T., Herrmann, S., & Buscot, F. (2020). Tree root zone 

microbiome: exploring the magnitude of environmental conditions and host tree 

impact. Frontiers in Microbiology, 11, 749. 

32. Harrison, J. G., & Griffin, E. A. (2020). The diversity and distribution of endophytes across biomes, 

plant phylogeny and host tissues: how far have we come and where do we go from 

here?. Environmental microbiology, 22(6), 2107-2123. 

33. Latz, M. A., Kerrn, M. H., Sørensen, H., Collinge, D. B., Jensen, B., Brown, J. K., ... & Jørgensen, H. 

J. L. (2021). Succession of the fungal endophytic microbiome of wheat is dependent on tissue-

specific interactions between host genotype and environment. Science of the Total 

Environment, 759, 143804. 

34. Remus‐Emsermann, M. N., & Schlechter, R. O. (2018). Phyllosphere microbiology: at the interface 

between microbial individuals and the plant host. New Phytologist, 218(4), 1327-1333. 

35. Smets, W., Chock, M. K., Walsh, C. M., Vanderburgh, C. Q., Kau, E., Lindow, S. E., ... & Koskella, B. 

(2023). Leaf side determines the relative importance of dispersal versus host filtering in the 

phyllosphere microbiome. MBio, 14(4), e01111-23. 

36. Thapa, S., & Prasanna, R. (2018). Prospecting the characteristics and significance of the 

phyllosphere microbiome. Annals of microbiology, 68(5), 229-245. 

37. Hanaka, A., Majewska, M., & Jaroszuk-Ściseł, J. (2021). Study of the influence of abiotic and biotic 

stress factors on horticultural plants. Horticulturae, 8(1), 6. 

38. Umar, O. B., Ranti, L. A., Abdulbaki, A. S., Bola, A. U. L., Abdulhamid, A. K., Biola, M. R., & Victor, 

K. O. (2021). Stresses in plants: Biotic and abiotic. In Current trends in wheat research. 

IntechOpen. 

https://iasj.rdd.edu.iq/journals/journal/issue/20226
https://doi.org/10.54174/utjagr.v13ii
https://creativecommons.org/licenses/by-nc-sa/4.0/


University of Thi-Qar Journal of agricultural research 

Thi-Qar Journal of agricultural research 

ISSN Onlin:2708 -9347, ISSN Print: 2708 -9339  Volume 15, Issue 1 (2026) 

https://iasj.rdd.edu.iq/journals/journal/issue/20226                https://doi.org/10.54174/utjagr.v13ii 020. 

Page 13    

 

UTJagr This is an open access article under the CC-BY-NC-SA license (https://creativecommons.org/licenses/by-nc-sa/4.0/ )  

39. Chattopadhyay, C., Birah, A., & Jalali, B. L. (2019). Climate change: impact on biotic stresses 

afflicting crop plants. In Natural Resource Management: Ecological Perspectives (pp. 133-146). 

Cham: Springer International Publishing. 

40. Roeber, V. M., Bajaj, I., Rohde, M., Schmülling, T., & Cortleven, A. (2021). Light acts as a stressor 

and influences abiotic and biotic stress responses in plants. Plant, Cell & Environment, 44(3), 645-

664. 

41. Iqbal, Z., Iqbal, M. S., Hashem, A., Abd_Allah, E. F., & Ansari, M. I. (2021). Plant defense responses 

to biotic stress and its interplay with fluctuating dark/light conditions. Frontiers in Plant 

Science, 12, 631810. 

42. Leisner, C. P., Potnis, N., & Sanz‐Saez, A. (2023). Crosstalk and trade‐offs: plant responses to 

climate change‐associated abiotic and biotic stresses. Plant, Cell & Environment, 46(10), 2946-

2963. 

43. Sahu, P. K., Jayalakshmi, K., Tilgam, J., Gupta, A., Nagaraju, Y., Kumar, A., ... & Rajawat, M. V. S. 

(2022). ROS generated from biotic stress: Effects on plants and alleviation by endophytic 

microbes. Frontiers in Plant Science, 13, 1042936. 

44. Yadav, S., Modi, P., Dave, A., Vijapura, A., Patel, D., & Patel, M. (2020). Effect of abiotic stress on 

crops. Sustainable crop production, 3(17), 5-16. 

45. Zhang, Y., Xu, J., Li, R., Ge, Y., Li, Y., & Li, R. (2023). Plants’ response to abiotic stress: mechanisms 

and strategies. International journal of molecular sciences, 24(13), 10915. 

46. Saharan, B. S., Brar, B., Duhan, J. S., Kumar, R., Marwaha, S., Rajput, V. D., & Minkina, T. (2022). 

Molecular and physiological mechanisms to mitigate abiotic stress conditions in 

plants. Life, 12(10), 1634. 

47. Rahim, H. U., Ali, W., Uddin, M., Ahmad, S., Khan, K., Bibi, H., & Alatalo, J. M. (2025). Abiotic 

stresses in soils, their effects on plants, and mitigation strategies: a literature review. Chemistry 

and Ecology, 41(4), 552-585. 

48. Yadav, S., Modi, P., Dave, A., Vijapura, A., Patel, D., & Patel, M. (2020). Effect of abiotic stress on 

crops. Sustainable crop production, 3(17), 5-16. 

49. Hussain, S., Shaukat, M., Ashraf, M., Zhu, C., Jin, Q., & Zhang, J. (2019). Salinity stress in arid and 

semi-arid climates: Effects and management in field crops. In Climate change and agriculture. 

IntechOpen. 

50. Zhang, Y., Xu, J., Li, R., Ge, Y., Li, Y., & Li, R. (2023). Plants’ response to abiotic stress: mechanisms 

and strategies. International journal of molecular sciences, 24(13), 10915. 

51. Tiwari, S., Patel, A., Singh, M., & Prasad, S. M. (2020). Regulation of temperature stress in plants. 

In Plant life under changing environment (pp. 25-45). Academic Press. 

52. Ding, Y., Shi, Y., & Yang, S. (2020). Molecular regulation of plant responses to environmental 

temperatures. Molecular plant, 13(4), 544-564. 

53. Ghori, N. H., Ghori, T., Hayat, M. Q., Imadi, S. R., Gul, A., Altay, V., & Ozturk, M. (2019). Heavy 

metal stress and responses in plants. International journal of environmental science and 

technology, 16(3), 1807-1828. 

https://iasj.rdd.edu.iq/journals/journal/issue/20226
https://doi.org/10.54174/utjagr.v13ii
https://creativecommons.org/licenses/by-nc-sa/4.0/


University of Thi-Qar Journal of agricultural research 

Thi-Qar Journal of agricultural research 

ISSN Onlin:2708 -9347, ISSN Print: 2708 -9339  Volume 15, Issue 1 (2026) 

https://iasj.rdd.edu.iq/journals/journal/issue/20226                https://doi.org/10.54174/utjagr.v13ii 020. 

Page 14    

 

UTJagr This is an open access article under the CC-BY-NC-SA license (https://creativecommons.org/licenses/by-nc-sa/4.0/ )  

54. Abbas, S., Javed, M. T., Ali, Q., Azeem, M., & Ali, S. (2021). Nutrient deficiency stress and relation 

with plant growth and development. In Engineering tolerance in crop plants against abiotic 

stress (pp. 239-262). CRC Press. 

55. Munir, N., Hanif, M., Abideen, Z., Sohail, M., El-Keblawy, A., Radicetti, E., ... & Haider, G. (2022). 

Mechanisms and strategies of plant microbiome interactions to mitigate abiotic 

stresses. Agronomy, 12(9), 2069. 

56. Roy, S., Chakraborty, A. P., & Chakraborty, R. (2021). Understanding the potential of root 

microbiome influencing salt‐tolerance in plants and mechanisms involved at the transcriptional 

and translational level. Physiologia plantarum, 173(4), 1657-1681. 

57. Misu, I. J., Kayess, M. O., Siddiqui, M. N., Gupta, D. R., Islam, M. N., & Islam, T. (2025). 

Microbiome engineering for sustainable rice production: strategies for biofertilization, stress 

tolerance, and climate resilience. Microorganisms, 13(2), 233. 

58. Roychoudhury, A. (Ed.). (2023). Biology and biotechnology of environmental stress tolerance in 

plants: volume 3: Sustainable approaches for enhancing environmental stress tolerance. CRC 

Press. 

59. Albureikan, M. O. I. (2023). Rhizosphere Microorganisms with Different Strategies and 

Mechanisms to Enhance Plant Growth in the Occurrence of Different Environmental Stress 

Factors. Journal of Pure & Applied Microbiology, 17(3). 

60. Ansabayeva, A., Makhambetov, M., Rebouh, N. Y., Abdelkader, M., Saudy, H. S., Hassan, K. M., ... 

& Ebrahim, M. (2025). Plant growth-promoting microbes for resilient farming systems: mitigating 

environmental stressors and boosting crops productivity—a review. Horticulturae, 11(3), 260. 

61. Lastochkina, O. V., & Allagulova, C. R. (2023). The mechanisms of the growth promotion and 

protective effects of endophytic PGP bacteria in wheat plants under the impact of 

drought. Applied Biochemistry and Microbiology, 59(1), 14-32. 

62. Semenova, N., Garashchenko, N., Kolesnikov, S., Darenskaya, M., & Kolesnikova, L. (2024). Gut 

microbiome interactions with oxidative stress: mechanisms and consequences for 

health. Pathophysiology, 31(3), 309-330. 

63. Liu, G., Huang, Y., Reis, F. S., Song, D., & Ni, H. (2019). Impact of nutritional and environmental 

factors on inflammation, oxidative stress, and the microbiome 2019. BioMed research 

international, 2019, 5716241. 

64. Kurhaluk, N., Kamiński, P., & Tkaczenko, H. (2025). Role of Gut Microbiota in Modulating 

Oxidative Stress Induced by Environmental Factors. Cellular Physiology & Biochemistry (Cell 

Physiol Biochem Press GmbH & Co. KG), 59. 

65. Munir, N., Hanif, M., Abideen, Z., Sohail, M., El-Keblawy, A., Radicetti, E., ... & Haider, G. (2022). 

Mechanisms and strategies of plant microbiome interactions to mitigate abiotic 

stresses. Agronomy, 12(9), 2069. 

66. Pandey, P., Tripathi, A., Dwivedi, S., Lal, K., & Jhang, T. (2023). Deciphering the mechanisms, 

hormonal signaling, and potential applications of endophytic microbes to mediate stress 

tolerance in medicinal plants. Frontiers in Plant Science, 14, 1250020. 

https://iasj.rdd.edu.iq/journals/journal/issue/20226
https://doi.org/10.54174/utjagr.v13ii
https://creativecommons.org/licenses/by-nc-sa/4.0/


University of Thi-Qar Journal of agricultural research 

Thi-Qar Journal of agricultural research 

ISSN Onlin:2708 -9347, ISSN Print: 2708 -9339  Volume 15, Issue 1 (2026) 

https://iasj.rdd.edu.iq/journals/journal/issue/20226                https://doi.org/10.54174/utjagr.v13ii 020. 

Page 15    

 

UTJagr This is an open access article under the CC-BY-NC-SA license (https://creativecommons.org/licenses/by-nc-sa/4.0/ )  

67. Li, X., Xiao, R., & Tao, Y. (2025). Enhancing plant stress resilience and agricultural sustainability 

through rhizosphere microbiome optimization. Plant and Soil, 513(2), 1711-1723. 

68. Kamran, M., Imran, Q. M., Ahmed, M. B., Falak, N., Khatoon, A., & Yun, B. W. (2022). Endophyte-

mediated stress tolerance in plants: a sustainable strategy to enhance resilience and assist crop 

improvement. Cells, 11(20), 3292. 

69. Ali, S., Tyagi, A., Mir, R. A., Rather, I. A., Anwar, Y., & Mahmoudi, H. (2023). Plant beneficial 

microbiome a boon for improving multiple stress tolerance in plants. Frontiers in Plant 

Science, 14, 1266182. 

70. Liu, H., Brettell, L. E., Qiu, Z., & Singh, B. K. (2020). Microbiome-mediated stress resistance in 

plants. Trends in plant science, 25(8), 733-743. 

71. Fan, W., Xiao, Y., Dong, J., Xing, J., Tang, F., & Shi, F. (2023). Variety-driven rhizosphere 

microbiome bestows differential salt tolerance to alfalfa for coping with salinity stress. Frontiers 

in Plant Science, 14, 1324333. 

72. Wang, Z., Wu, Y., Li, X., Ji, X., & Liu, W. (2024). The gut microbiota facilitate their host tolerance 

to extreme temperatures. BMC microbiology, 24(1), 131. 

73. Ahmad, W., Coffman, L., Weerasooriya, A. D., Crawford, K., & Khan, A. L. (2024). The silicon 

regulates microbiome diversity and plant defenses during cold stress in Glycine max L. Frontiers 

in Plant Science, 14, 1280251. 

74. Ali, S., Tyagi, A., & Bae, H. (2023). Plant microbiome: an ocean of possibilities for improving 

disease resistance in plants. Microorganisms, 11(2), 392. 

75. Yadav, A. N., Rastegari, A. A., Yadav, N., & Kour, D. (2020). Advances in plant microbiome and 

sustainable agriculture. Singapore: Springer Singapore. 

76. Beattie, G. A., Bayliss, K. L., Jacobson, D. A., Broglie, R., Burkett-Cadena, M., Sessitsch, A., ... & 

Lichens-Park, A. (2024). From microbes to microbiomes: Applications for plant health and 

sustainable agriculture. Phytopathology®, 114(8), 1742-1752. 

77. Ray, P., Lakshmanan, V., Labbé, J. L., & Craven, K. D. (2020). Microbe to microbiome: a paradigm 

shift in the application of microorganisms for sustainable agriculture. Frontiers in 

microbiology, 11, 622926. 

78. Beneduzi, A., Ambrosini, A., & Passaglia, L. M. P. (2021). Plant growth-promoting rhizobacteria 

(PGPR): Their potential as antagonists and biofertilizers. Journal of Plant Interactions, 16(1), 1–

15.  

79. Compant, S., Saad, M. M., & Sessitsch, A. (2021). Plant growth-promoting bacteria in the rhizo- 

and endosphere of plants: Their role in stress tolerance. Environmental and Experimental Botany, 

182, 104–110. 

80. Etesami, H., & Beattie, G. A. (2021). Plant–microbe interactions in salinity stress tolerance. Plant 

and Soil, 456, 1–24.  

81. Kaushal, M. (2021). Microbiome-mediated drought tolerance in plants: Mechanisms and 

applications. Frontiers in Plant Science, 12, 631–645.  

https://iasj.rdd.edu.iq/journals/journal/issue/20226
https://doi.org/10.54174/utjagr.v13ii
https://creativecommons.org/licenses/by-nc-sa/4.0/


University of Thi-Qar Journal of agricultural research 

Thi-Qar Journal of agricultural research 

ISSN Onlin:2708 -9347, ISSN Print: 2708 -9339  Volume 15, Issue 1 (2026) 

https://iasj.rdd.edu.iq/journals/journal/issue/20226                https://doi.org/10.54174/utjagr.v13ii 020. 

Page 16    

 

UTJagr This is an open access article under the CC-BY-NC-SA license (https://creativecommons.org/licenses/by-nc-sa/4.0/ )  

82. Nautiyal, C. S., et al. (2022). Microbial mitigation of salinity stress in plants: Current understanding 

and future perspectives. Applied Soil Ecology, 170, 104–118.  

83. Raina, J. B., Kahlke, T., McMahon, K. D., & Seymour, J. R. (2021). The plant microbiome and its 

role in environmental stress tolerance. Nature Reviews Microbiology, 19, 1–15.  

84. Sandhya, V., Ali, S. Z., Grover, M., Reddy, G., & Venkateswarlu, B. (2020). Drought-tolerant plant 

growth-promoting bacteria: Mechanisms and applications. Agronomy Journal, 112(4), 1–12.  

85. Singh, B., et al. (2024). Plant microbiome engineering for sustainable agriculture under climate 

change. Trends in Plant Science, 29(2), 120–135.  

86. Ullah, A., et al. (2022). Microbiome-assisted plant stress tolerance under climate change scenarios. 

Microbiological Research, 260, 127–138.  

87. Zhang, H., Li, X., & Zhang, J. (2023). Induced systemic resistance (ISR) mediated by plant growth-

promoting microbes. Frontiers in Microbiology, 14, 112–130.  

 

https://iasj.rdd.edu.iq/journals/journal/issue/20226
https://doi.org/10.54174/utjagr.v13ii
https://creativecommons.org/licenses/by-nc-sa/4.0/

