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Abstract:
The global demand for ornamental flowers with superior quality, higher yields, enhanced visual appeal, and prolonged shelf life is increasing. Conventional methods that rely on chemical fertilizers and pesticides often lead to environmental concerns and do not sustainably improve the quality of flowers. In this context, Endophytes and plant growth-promoting rhizobacteria (PGPR) have emerged as promising eco-friendly alternatives that enhance plant performance through various mechanisms. These beneficial microorganisms contribute to increased flower yield and quality by producing phytohormones, solubilizing nutrients, fixing atmospheric nitrogen, and protecting plants from biotic and abiotic stresses. Recent studies have demonstrated their effectiveness in improving flower traits, such as size, color intensity, longevity, and resilience, under stressful conditions. This review explores the functional roles of Endophytes and PGPR in floriculture, highlighting their potential as sustainable bioinoculants.
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INTRODUCTION
The global floriculture sector has witnessed a consistent rise in the demand for high-quality ornamental flowers, largely driven by evolving consumer preferences for vibrant, long-lasting, and environmentally friendly floral products. Consequently, improving flower yield and quality through sustainable, eco-friendly agricultural practices has become a central objective of modern horticultural research (Sun et al., 2024). Among the emerging strategies, the use of beneficial soil microbes—particularly endophytes and plant growth-promoting rhizobacteria (PGPR)—has shown remarkable potential. These microorganisms are gaining attention as natural and efficient alternatives to chemical fertilizers and pesticides, aligning with the global trend towards sustainable and organic production systems.
Endophytes are microorganisms, including bacteria and fungi, that live within plant tissues without causing any apparent harm. They establish symbiotic relationships with their host plants and contribute to growth and development through various mechanisms such as phytohormone production, nutrient solubilization, and protection against pathogens. PGPR, on the other hand, are a group of bacteria that colonize the rhizosphere—the soil region around plant roots—and support plant growth by fixing atmospheric nitrogen, solubilizing phosphate, synthesizing plant hormones, and inducing systemic resistance against diseases (Kumar et al., 2022; Wang et al., 2022). Both endophytes and PGPR enhance plant vigor and productivity under normal and stress conditions, making them suitable candidates for improving the quality and resilience of ornamental flowers.
In the context of horticulture, particularly floriculture, the importance of flower yield and quality cannot be overstated. Traits such as flower size, color intensity, fragrance, and vase life directly influence market acceptance and profitability. As the global demand for ornamental flowers continues to grow, especially in urban and export markets, maintaining high standards of quality while ensuring sustainability presents a significant challenge. Floriculture also contributes substantially to rural employment, national income, and foreign exchange earnings, highlighting its economic significance. However, the excessive use of chemical inputs in flower production poses environmental and health risks, calling for the adoption of greener technologies.
Microbial inoculants such as Endophytes and PGPR offer a promising, eco-friendly approach to address these challenges. Their application in ornamental crops has been associated with improved plant health, enhanced flowering traits, and reduced dependency on synthetic agrochemicals (Verma et al., 2022). For instance, microbes from the genera Bacillus, Pseudomonas, and Azospirillum have shown positive effects on vegetative growth and floral characteristics like size, color, and fragrance in several ornamental species (Kaul et al., 2020; Kaul et al., 2022). Moreover, these microbes are known to alleviate abiotic stresses such as drought, salinity, and heavy metal toxicity by enhancing root architecture, modulating antioxidant enzyme activity, and promoting osmolyte accumulation (Kour et al., 2022). Their multifunctional nature makes them ideal candidates for use as both biofertilizers and bioprotectants in sustainable flower production systems (Lyu et al., 2022).
The primary objective of this review is to provide a comprehensive overview of recent advancements in the use of Endophytes and PGPR in sustainable floriculture. It aims to synthesize findings on their roles in enhancing both the quantitative and qualitative traits of flowering plants, as well as their mechanisms of action and application potential. While the review focuses on practical and research-based applications in ornamental horticulture, it does not delve into genomic-level studies or industrial-scale formulation development, which are beyond its scope.




1. Classification of Endophytes and PGPR
	Table 01: Endophytes

	Type
	Examples
	Functions
	References

	Fungal
	Epichloë, Neotyphodium, Fusarium
	Alkaloid production, stress tolerance, pathogen defense
	Sikarwar & Ranawat, 2023

	Bacterial
	Pseudomonas, Bacillus, Enterobacter
	Growth promotion, N-fixation, pathogen resistance
	

	Viral (proposed)
	Persistent plant viruses (unspecified)
	Possible role in cross-protection
	




	Table 02: PGPR

	Types of PGPR
	Definition
	Mechanism of Action
	References

	Phytostimulator
	Microorganisms having an ability to make phytohormones like IAA and ethylene, etc.
	Synthesis of phytohormones
	Lugtenberg et al. (2002); Somers et al. (2004)

	Bioinsecticides or biopesticides
	Fungi and bacteria enhancing plant growth and development by restricting the growth of plant pathogens
	- Synthesis of siderophore and HCN- Hydrolytic enzyme production- Introduction of systemic tolerance genes
	Vessey (2003); Somers et al. (2004); Chandler et al. (2008)

	Biofertilizers
	A material that contains living microorganisms that make colonization with the roots in the rhizosphere to improve plant development via enhanced availability of nutrients
	- Biological nitrogen fixation (BNF)- Insoluble phosphate solubilization
	Vessey (2003); Somers et al. (2004)


2. Mechanisms of Action
Endophytes are diverse beneficial microorganisms, including bacteria, fungi, and in some cases viruses, that inhabit internal plant tissues without causing disease. Endophytes enhance plant performance through multiple mechanisms of action. 
One of their primary roles is nutrient acquisition and mobilization, where they solubilize essential nutrients such as nitrogen, phosphorus, potassium, and iron, making them more available for plant uptake (Wani and Khan, 2017). They also produce various phytohormones, including indole-3-acetic acid (IAA), gibberellins, and cytokinin’s, which regulate vital processes such as stalk elongation, bud initiation, and bloom development (Kumar et al., 2022; Sirpe, 2023). Another critical function is the induction of systemic resistance, where endophytes activate plant defense pathways that protect against biotic and abiotic stresses, reducing the need for chemical inputs.
2.1 Nutrient Acquisition
2.1.1 Biological Nitrogen Fixation (BNF)
Plant Growth-Promoting Rhizobacteria (PGPR) such as Rhizobium, Azospirillum, Herbaspirillum, and Burkholderia transform atmospheric nitrogen (N₂) into ammonium (NH₄⁺), rendering it accessible to plants. The nitrogenase enzyme facilitates this reaction, with its activity regulated by environmental conditions such as oxygen and carbon availability. Symbiotic bacteria such as Rhizobium establish root nodules in legumes, whereas associative and free-living bacteria inhabit the rhizosphere or endosphere of non-leguminous plants.
2.1.2 Phosphate Solubilization
Numerous plant growth-promoting rhizobacteria (PGPR) are capable of transforming insoluble phosphorus compounds (Ca₃(PO₄)₂, FePO₄) into soluble forms through the secretion of organic acids, including gluconic acid, citric acid, and oxalic acid. Phosphatases and phytases contribute to the mineralization of organic phosphate. This is especially advantageous in soils lacking phosphorus.
Examples: Pseudomonas fluorescens, Bacillus subtilis
2.1.3 Siderophore Production
PGPR generate compounds known as siderophores, which are characterized by their low molecular weight and high affinity for iron, effectively chelating this essential nutrient. These bind Fe³⁺ from the environment, rendering it accessible to both the bacteria and the host plant. Furthermore, siderophores limit the availability of iron to phytopathogens, thereby hindering their growth.
Examples: Pseudomonas putida, Enterobacter spp.
2.2 Phytohormone Production
PGPR synthesize various phytohormones that regulate plant physiological responses:
2.2.1 Indole-3-acetic acid (IAA)
The hormone produced in the highest quantities by PGPR. Promotes the growth of roots, the development of lateral roots, and the formation of root hairs. Produced from tryptophan through various routes (e.g., indole-3-pyruvate route).
Examples: Azospirillum brasilense, Bacillus amyloliquefaciens
2.2.2 Gibberellins (GA)
Facilitate cell elongation, seed germination, and flowering processes. Certain PGPR strains synthesize GA₃ and other gibberellins that resemble plant hormones.
Examples: Azospirillum, Herbaspirillum
2.2.3 Cytokinins
Stimulate cell division and shoot formation, delay leaf senescence and improve photosynthetic efficiency. 
2.3 ACC Deaminase Activity
Many PGPR produce 1-aminocyclopropane-1-carboxylate (ACC) deaminase, which degrades ACC, a precursor of ethylene, a stress hormone. Reduced ethylene levels result in improved root and shoot growth under stress.
Examples: Pseudomonas putida, Enterobacter cloacae
2.4. Induced Systemic Resistance (ISR) and Stress Tolerance
2.4.1 Induced Systemic Resistance (ISR)
PGPR can enhance plant immune systems via induced systemic resistance without exhibiting pathogenicity. Induced systemic resistance (ISR) is primarily governed by the jasmonic acid (JA) and ethylene signaling pathways. Improves resistance to fungi, bacteria, viruses, and insects.
Examples: Pseudomonas fluorescens, Bacillus subtilis
2.4.2 Abiotic Stress Tolerance
Plant Growth-Promoting Rhizobacteria (PGPR) enhance plant tolerance to abiotic stresses, including drought, salinity, heat, and heavy metal toxicity, via various mechanisms. Osmolytes such as proline and trehalose are produced to maintain cellular osmotic balance during stress conditions. PGPR stimulate the activity of antioxidant enzymes, including superoxide dismutase (SOD), catalase, and peroxidase, thereby safeguarding plant cells from oxidative damage induced by reactive oxygen species. Furthermore, they enhance water use efficiency and improve nutrient uptake, thus facilitating plant growth in conditions of limited resource availability. Additionally, PGPR influence the expression of stress-responsive genes, facilitating enhanced plant adaptation to unfavorable environmental conditions.
2.5 Production of Secondary Metabolites and Bioactive Compounds
PGPR secrete antimicrobial compounds that suppress phytopathogens and enhance plant growth.
2.5.1 Antibiotics: Examples: 2,4-diacetylphloroglucinol (DAPG), pyoluteorin, phenazine, kanosamine
2.5.2 Hydrolytic Enzymes: Break down fungal cell walls (e.g., chitinases, glucanases, proteases)
2.5.3 Volatile Organic Compounds (VOCs): Induce systemic resistance and act as airborne signals
Examples: acetoin, 2,3-butanediol
2.5.4 Lipopeptides and Polyketides: Disrupt pathogen membranes and biofilms
Meena et al., 2017
3. Impact on flower yield and quality
3.1. Molecular Insights into Endophyte-Plant Interaction
Omics-based studies have revealed that Endophyte inoculation alters the expression of host genes associated with pigment biosynthesis, stress resilience, and floral longevity. For instance, Kaul et al. (2020) demonstrated that genes involved in anthocyanin production and delayed senescence are upregulated in response to endophyte colonization. These molecular changes induced by Endophytes can lead to enhanced flower color intensity, improved stress tolerance, and extended vase life of cut flowers (Liu et al., 2023). The ability of endophytic bacteria to modulate host gene expression highlights their potential for fine-tuning specific traits in ornamental crops, potentially allowing for customized flower characteristics without genetic modification (Pinski et al., 2019).
Furthermore, the symbiotic relationship between Endophytes and host plants often involves complex signaling pathways and metabolic exchange. This intricate interaction can result in improved nutrient uptake, hormone balance, and overall plant health, contributing to increased flower quality and productivity in ornamental plants.
3.2. Crop-Specific Evidence of Endophyte and PGPR Benefits
French Marigold (Tagetes patula):
The beneficial role of Endophytic bacteria in enhancing the growth, physiology, and bio-protective abilities of French marigold has been well-documented. The combined application significantly improved shoot and root fresh weights (up to ~66–69%) and extended the vase life by 100% compared to the control (Sturz & Kimpinski, 2004). Biochemical attributes, such as total phenolic, flavonoid, and protein content, also increased (up to ~66%). The antioxidant activity and nematicidal effects were significantly enhanced, with notable increases in DPPH scavenging (278%), nematode mortality (104%), and antioxidant enzyme activity (SOD, CAT, APX, and GPX) (Nagpal et al., 2020).
Chrysanthemum:
Inoculation of chrysanthemums with PGPR enhances root growth, nutrient absorption, and overall plant development, resulting in higher flower yield and improved quality. The application of PGPR strains, such as Azospirillum, Pseudomonas, and Bacillus, led to earlier bud formation, an increased number of florets per plant, and larger petal diameters (Del Rosario Cappellari et al., 2015). PGPR treatment improved flower characteristics, including size, color vibrancy, and longevity, while also conferring better tolerance to abiotic stresses like drought and salinity (Redondo-Gómez et al., 2022). The combination of different PGPR strains provided synergistic benefits, enhancing the growth and flowering traits of chrysanthemum (Benizri et al., 2001).
Roses:
In rose cuttings, the application of PGPR-Endophyte consortia significantly improved rooting parameters, such as root length, number, and biomass. These improvements enhanced nutrient uptake and flower development, leading to increases in flower size and quantity (Sirpe, 2023). Enhanced root development also improved plant resilience to environmental stresses, resulting in longer-lasting blooms and extended flowering periods (Das et al., 2025). Additionally, the stimulation of secondary metabolite production contributed to more vibrant flower colors and stronger fragrance.
4. Toward Sustainable Floriculture
Endophytes offer a low-input, eco-friendly alternative to chemical fertilizers and pesticides for sustainable agricultural practices. As a component of integrated crop management, they contribute to improved soil health, reduced chemical residues, and more resilient flower production under diverse environmental conditions (Kour et al., 2022).
Similarly, PGPR are beneficial root-colonizing bacteria that support plant growth and influence vegetative and floral traits in ornamental crops. One key mechanism is phytohormone synthesis, where PGPR produce growth regulators like indole-3-acetic acid (IAA), gibberellins, cytokinins, and the enzyme ACC deaminase, which regulate bud initiation, shoot elongation, petal expansion, and flower symmetry (Kumar et al., 2022; Wani & Khan, 2017).
In addition to improving nutrient dynamics and reducing chemical input reliance, PGPR enhance floral pigmentation, spike strength, and petal quality by solubilizing phosphorus, potassium, and zinc, and fixing atmospheric nitrogen (Lyu et al., 2022). They also offer biocontrol benefits through ISR activation, production of siderophores, and antimicrobial compounds, which protect against diseases like bud rot and petal blight (Kaul et al., 2020; Sirpe, 2023).
Additionally, PGPR alleviate abiotic stresses, including drought, salinity, and heat, by enhancing antioxidant systems, stabilizing membranes, and facilitating water uptake. The collective benefits result in improved flower retention, extended bloom duration, and increased resilience to varying environmental conditions (Wang et al., 2022).

	Table 03: Examples of Microbial Use in Ornamental Crops

	SN
	Crop(s)
	Endophyte
	Effect
	Reference

	Bacterial Endophytes in Ornamental Crops

	1
	Protea spp.
	Pseudomonas cepacia
	Suppressed Phytophthora cinnamomi infection
	Turnbull et al. (1992)

	2
	Carnation (Dianthus spp.)
	Pseudomonas fluorescens
	Reduced fusarium wilt
	Steijl et al. (1999)

	3
	Rose (Rosa spp.)
	Bacillus subtilis
	Reduced Botrytis cinerealesions on buds and leaves
	Tatagiba et al. (1998)

	4
	Thuja occidentalis (Bonsai tree)
	Pseudorobillarda monica (misclassifiedearlier, actually a fungal endophyte)
	Isolated from bark and leaves
	Vujanovic and St-Arnaud(2003)

	Fungal Endophytes in Ornamental Crops

	1
	Rose (Rosa spp.)
	Gliocladium roseum
	Controlled Botrytis cinerea in leaf/petal residues
	Sutton et al. (1997), Tatagiba et al. (1998)

	2
	Rose (Rosa spp.)
	Trichoderma inhamatum
	Reduced B. cinerea sporulation
	Tatagiba et al. (1998)

	3
	Rose (Rosa spp.)
	Cladosporium oxysporum, C. cladosporioides
	Reduced lesions on flower buds
	Tatagiba et al. (1998)

	4
	Chrysanthemum
	Muscodor albus, M. roseus
	Reduced Verticillium Dahliae and Pythium ultimum, increased flower and stem growth
	Grimme (2004)

	5
	Carnation, Cyclamen
	Non-pathogenic Fusarium oxysporum
	Controlled fusarium wilt, long- term protection
	Rattink (1992), Garibaldi et al. (1987), and Minuto et al.(1995)

	6
	Multipleornamentals
	F. oxysporum Fo47 (commercial name:Fusaclean)
	Marketed biofungicide against fusarium wilt
	Alabouvette et al. (1993)

	7
	Multiple tropicalornamentals (palms, orchids, ferns)
	Xylaria spp.
	Common endophyte presence
	Bayman et al. (1997), Dreyfuss & Petrini (1984)

	8
	Petunia, Tagetes, Callistephus, Dianthus
	Glomus, Gigaspora, Scutellospora spp. (AMF)
	Enhanced flower number, early flowering, nutrient uptake
	Gaur and Adholeya (2005), Wang et al. (1993)

	9
	Gerbera
	Glomus intraradices (AMF)
	Increased survival and growth in micro propagated plants
	Wang et al. (1993)

	10
	Chrysanthemum
	AMF (various)
	Increased flower quality, plant height, rooting
	Sohn et al. (2003)



5. Conclusion:
Integrating Endophytes and plant growth-promoting rhizobacteria (PGPR) into floriculture practices represents a promising and sustainable alternative to chemical-based inputs. These beneficial microbes enhance flower yield and quality through mechanisms such as phytohormone production, nutrient solubilization, stress mitigation, and improved disease resistance. Their influence extends to the improvement of key floral traits, such as size, color intensity, fragrance, shelf life, and stress resistance. Evidence from various ornamental crops, including roses, marigolds, and chrysanthemums, has confirmed their effectiveness in promoting vegetative and reproductive growth of these crops. The adoption of Endophyte- and PGPR-based bio-inoculants can reduce environmental pollution and support the development of eco-friendly and cost-effective floriculture systems. Future research focused on crop-specific microbial formulations and field-level validation will further enhance the applicability of these findings to the commercial production of flowers.
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