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ABSTRACT
This study investigated the effects of GA₃ and PGPR strains (B. megaterium, B. subtilis, and B. amyloliquefaciens), applied alone and in combination, on germination and early seedling development of Echinacea purpurea L. seeds of different ages. Aging seeds often exhibit reduced germination and seedling vigor, limiting uniform plant establishment.
The findings demonstrated that GA₃ increased germination percentage, plant height, leaf number, and root weight, reducing the detrimental impacts of seed senescence. Additionally, PGPR inoculation enhanced seedling performance in a strain-specific manner: B. megaterium improved germination, leaf number, and root length, whereas plant height and root weight were increased by B. amyloliquefaciens. The greatest gains were obtained from combined treatments, indicating synergistic effects.
Despite these positive effects, seed age remained critical, as older seeds, even after treatment, did not fully match fresh seeds. Overall, these findings indicate that GA₃ and PGPR inoculation offer a practical and sustainable approach to enhance seedling establishment and early growth, particularly in aged seeds, as such biostimulants can improve nutrient uptake, stimulate root development, and increase tolerance to abiotic stresses such as drought and poor soil. Future research should explore long-term field performance, economic feasibility, and physiological and molecular mechanisms underlying seed aging and its mitigation.
Keywords: Echinacea purpurea L, PGPR, Seedling Vigor Traits, Seedling Development, Gibberellic Acid (GA₃)

Türkçe Özet…..
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INTRODUCTİON
Agricultural production must meet the increasing demands of a growing global population while facing serious ecological constraints, including climate change, soil degradation, water scarcity, and excessive dependence on chemical inputs. These constraints are particularly critical in the cultivation of medicinal plants, where both yield and phytochemical quality determine economic value. Sustainable and environmentally friendly strategies to mitigate these stresses to enhance seed performance and early plant establishment are therefore essential. Among these strategies, plant growth-promoting rhizobacteria (PGPR) and phytohormones have gained increasing attention as eco-compatible tools for improving crop productivity and resilience. 
Seed quality and viability are fundamental determinants of successful crop establishment (Bewley et al., 2013). However, seed aging and dormancy significantly reduce germination percentage, uniformity, and seedling vigor, especially in high-value medicinal crops (Finch-Savage and Bassel, 2006). Aging-induced physiological deterioration leads to membrane damage, oxidative stress, and reduced enzymatic activity, ultimately impairing early seedling growth (McDonald, 1999; Bailly, 2004; Kapoor et al., 2010). In medicinal plant cultivation, inconsistent germination reduces plant density and affects the uniformity and quality of harvested bioactive compounds (Finch-Savage and Bassel, 2016), making mitigation of seed aging a critical challenge. 
Echinacea purpurea (L.) Moench, a perennial species of the Asteraceae family, is widely cultivated for its ornamental and medicinal value. It contains phenolic acids, alkylamides, polysaccharides, and flavonoids associated with immunomodulatory, antioxidant, anti-inflammatory, and antimicrobial properties (Ahmadi et al., 2024). Despite its economic importance, germination is often low and inconsistent, varying with seed age, physiology, and environmental factors (Macchia et al., 2001). Seed aging further reduces viability and delays emergence, posing challenges for commercial establishment. Overcoming dormancy and aging-related germination problems is therefore crucial for sustainable cultivation of this species.
Plant growth-promoting rhizobacteria represents a promising biological approach to enhance seed germination and seedling vigor through nutrient mobilization and phytohormone production (Vessey, 2003; Bhattacharyya & Jha, 2012; Arjumend et al., 2022’ Zhang et al., 2022). Among them, Pseudomonas and Bacillus are dominant genera capable of alleviating plant stress based on their metabolic versatility and strong association with plant roots when introduced into the rhizosphere (Grover et al., 2021; Vejan et al., 2016; Lucas et al., 2017; Fukami et al., 2018; Hashem et al., 2019). 
Numerous studies show that Bacillus spp. enhance seed germination, seedling vigor, and root–shoot development through hormonal regulation and improved nutrient availability (Hu et al., 2024; Radhakrishnan et al., 2017; Olanrewaju et al., 2017; Backer et al., 2018; Basu et al., 2021; Turan et al., 2021). These bacteria produce phytohormones such as indole-3-acetic acid (IAA) and gibberellins, which stimulate embryo growth and accelerate radicle emergence (Bottini et al., 2004; Spaepen et al., 2007). Certain Bacillus strains can also modulate endogenous hormonal balance by increasing gibberellin levels while reducing abscisic acid (ABA) concentrations, thereby facilitating dormancy release (Shu et al., 2016; Radhakrishnan et al., 2017). In addition, many Bacillus spp. produce 1-aminocyclopropane-1-carboxylate (ACC) deaminase, which lowers ethylene levels in seeds and alleviates stress-induced inhibition of germination (Glick et al., 2007; Wang et al., 2016; Olanrewaju et al., 2017).
Beyond hormonal regulation, Bacillus species enhance nutrient mobilization through phosphate solubilization and siderophore production, improving iron acquisition and metabolic activity during early growth stages (Rodríguez and Fraga, 1999; Lugtenberg and Kamilova, 2009). Their ability to stimulate α-amylase activity supports the mobilization of seed storage reserves, facilitating faster and more uniform germination (Bottini et al., 2004; Miransari and Smith, 2009). Moreover, Bacillus spp. strengthen antioxidant defense systems by increasing the activity of enzymes such as superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD), thereby reducing oxidative damage associated with seed aging and environmental stress (Bailly, 2004; Hashem et al., 2019). Their capacity to effectively colonize the rhizosphere and establish biofilms further promotes root development and enhances early seedling growth (Allard et al., 2016; Radhakrishnan et al., 2017). 
In addition to microbial approaches, gibberellic acid (GA₃) plays a central role in breaking seed dormancy by shifting the abscisic acid (ABA)–gibberellin balance, stimulating hydrolytic enzymes, and promoting reserve mobilization and embryo growth (Olszewski et al., 2002; Sponsel & Hedden, 2010). It promotes cell division and elongation through cell wall loosening, expansin activation, and the regulation of genes involved in cell expansion (Sponsel & Hedden, 2010). GA₃ enhances radicle protrusion by weakening the endosperm and increasing embryo growth potential, thereby overcoming mechanical and hormonal constraints associated with dormancy (Finch-Savage & Leubner-Metzger, 2006; Nonogaki, 2010). In aged seeds, deterioration is typically characterized by membrane lipid peroxidation, reactive oxygen species (ROS) accumulation, and reduced antioxidant capacity, leading to impaired metabolic activity and loss of vigor. GA₃ has been shown to partially restore germination in aged seeds by reactivating metabolic pathways, stimulating reserve mobilization, and improving membrane integrity (Sarıhan et al., 2005; Li et al., 2007). Moreover, GA₃ enhances tolerance to abiotic stress by modulating antioxidant enzymes such as SOD, CAT, and POD and by regulating stress-responsive gene expression, thereby reducing oxidative damage and supporting early seedling establishment (Iqbal et al., 2011; Iqbal and Ashraf, 2013).
Given their complementary mechanisms, the combined application of PGPR and GA₃ represents a promising strategy to improve germination and early plant development. While PGPR enhance nutrient acquisition, hormonal balance, and stress tolerance, GA₃ directly promotes dormancy release and embryo growth. Their overlap in hormonal regulation, reserve mobilization, and oxidative stress mitigation suggests potential synergy. However, limited information is available on their combined effects in mitigating seed aging and improving germination in Echinacea purpurea.
Therefore, the present study aims to evaluate the individual and combined effects of Bacillus-based PGPR and GA₃ on seed germination, seedling vigor, and early plant development in E. purpurea. The novelty of this study lies in investigating the synergistic potential of microbial inoculation and hormonal treatment to counteract seed aging effects and enhance sustainable cultivation of this economically and medicinally valuable species.

MATERİALS AND METHODS
Plant Material and Seed Storage: Seeds of Echinacea purpurea (L.) Moench (cv. Tutar-2012) belonging to three different age groups (1-year-old, 2-year-old, and 3-year-old) were used in this study. The seeds were harvested in August 2024, 2023, and 2022, respectively. All seeds were obtained from plants grown in the perennial medicinal and aromatic plants garden at the Uşak University Faculty of Agriculture Research and Application Station, Türkiye. After harvest, the seeds were mechanically cleaned and stored in sealed plastic boxes at room temperature (25 ± 2 °C) under 50–60% relative humidity until the beginning of the experiment. 

Bacterial Strains and GA₃ Treatments: The experimental treatments consisted of two concentrations of GA₃: 0 mg L⁻¹ (distilled water; hormone-free control) and 500 mg L⁻¹. The selected GA₃ concentration was based on previous studies and International Seed Testing Association (ISTA) guidelines (ISTA, 1996; Macchia et al., 2001; Li et al., 2007; Tuncturk et al., 2019).
In addition to GA₃ treatments, three PGPR strains were used:
· B. megaterium
· B. subtilis
· B.  amyloliquefaciens
These bacterial strains were selected due to their reported potential to enhance seed germination and seedling development under various physiological conditions.

Bacterial Strain Preparation and Inoculum Production: The PGPR strains were revived from glycerol stocks and streaked on nutrient agar plates. A single colony of each strain was transferred into 50 mL of sterile Nutrient Broth and incubated at 28 ± 2 °C with shaking at 150 rpm until reaching mid- to late-logarithmic growth (OD₆₀₀ ~ 0.8–1.0), corresponding to approximately 10⁸ CFU mL⁻¹ (Lubyanova et al., 2023).
Cultures were then centrifuged at 4,000 × g for 10 min at 4 °C to pellet the cells. Supernatants were discarded, and pellets were washed twice with sterile distilled water to remove residual medium (Somna et al., 2025). Washed cells were resuspended in sterile distilled water to a final concentration of ~10⁸ CFU/mL, verified by serial dilution and plate counting (Karaca et al., 2025).
Seed Surface Sterilization, Treatment and Inoculation: Prior to the experiment, all seeds were surface sterilized to eliminate potential microbial contamination. Sterilization was performed by immersing the seeds in 70% ethanol for 30-60 seconds, followed by 1.5% sodium hypochlorite (NaOCl) solution for 3 minutes. The seeds were then rinsed five times with sterile distilled water to remove any traces of the sterilizing agents. 
Before sowing, seeds of different ages were soaked for 4 hours in either 500 mg L⁻¹ GA₃ solution or distilled water (control) under sterile conditions. Following hormone treatment, seeds from both GA₃-treated and untreated groups were individually inoculated with one of the following: (1) no bacterial treatment (control), (2) B. megaterium, (3) B. subtilis, or (4) B. amyloliquefaciens.
Seeds were soaked for 4 hours to allow bacterial adhesion and then planted in sterile vials for germination studies according to the randomized complete block design. A mixture of peat and perlite (%95 and %5, respectively) was used as the germination medium. The seeds were germinated at room temperature and in a greenhouse environment with 60-70% humidity.

Experimental Design
The experiment was conducted using a Randomized Complete Block Design (RCBD) arranged in a split–split plot system with three replications.
Seed age (A) was assigned to the main plots, GA₃ application (B) was arranged as split plots within each main plot, and PGPR treatments (C) were arranged as sub-split plots within each GA₃ treatment.
This experimental design enabled the evaluation of the individual and interactive effects of seed age, GA₃ application, and PGPR inoculation on seed dormancy, germination percentage, and early seedling performance.
Determination of Rooting Status and Measurement Procedure: Once the seedlings reached 3–5 cm in height, their roots were re-treated with bacterial suspensions to ensure continuous rhizosphere colonization. This second treatment helps maintain effective bacterial populations around the root zone, which is critical for sustained production of phytohormones, nutrient solubilization, and protection against soil-borne pathogens (Vessey, 2003; Bashan & de-Bashan, 2010). Re-inoculation at early seedling stages has been shown to enhance microbial persistence, promote nutrient uptake, and improve overall seedling vigor, particularly under conditions where initial colonization may decline due to environmental or developmental factors (Kloepper et al., 2004; Egamberdieva et al., 2017).
 Subsequently, the seedlings were carefully transplanted into pots containing a growing medium of peat and perlite and maintained under greenhouse conditions, with a 12 h light/12 h dark photoperiod at 25–30 °C, for three months. All pots were regularly irrigated as required.
Plant Maintenance and Measurements: All seedlings, regardless of treatment, were maintained under controlled conditions for three months. Measurements were taken from a minimum of five plants per replicate. The parameters recorded included emergence percentage (%) at the end of the first month. Plant height (cm), number of leaves per plant, root length (cm), and fresh root weight (g plant⁻¹) were measured at the end of the third month. Data were collected systematically to evaluate the effects of GA₃ and bacterial treatments on seedling growth and development.

STATISTICAL ANALYSIS
Statistical analyses were performed using the MSTAT-C software package, and differences between mean values were assessed using Duncan’s multiple range tests, following the procedure described by Düzgüneş et al. (1983). Mean values are presented, while statistical comparisons for percentage data were conducted on arcsine-transformed values when appropriate to meet assumptions of normality.

RESULTS 

Seed Germination Ratio (%)
Seed germination was significantly influenced by seed age, GA₃ application, bacterial inoculation, and their binary and ternary interactions (p < 0.01; Table 1, Fig. 1). 
Seed age effects: Germination varied with seed age. Two-year-old seeds consistently exhibited the highest germination across treatments, reaching 55.19% on average,, while one- and three-year-old seeds had lower germination rates (51.65% and 48.99%, respectively), indicating a decline in seed vigor with storage.
Hormone application: GA₃ treatment markedly increased germination. Across seed ages, GA₃-treated seeds achieved a mean germination of 66.37%, compared with 37.51% in untreated seeds (Table 1). The strongest effect of GA₃ was observed in two-year-old seeds, which reached 76.55% germination when treated with the hormone (binary A×B interaction).
Bacterial inoculation: Among bacterial inoculants, B. megaterium (treatment 2) generally produced the highest germination (54.60%), surpassing other strains (B. subtilis and B. amyloliquefaciens) and the control. The interaction of seed age and bacterial treatment (A×C) indicated that two-year-old seeds inoculated with B. megaterium achieved 60.37% germination, highlighting the contribution of microbial stimulation to seed performance.
Binary and ternary interactions: The combination of GA₃ and B. megaterium (B×C) led to notably higher germination (68.21%), demonstrating additive effects. The ternary interaction (seed age × GA₃ × bacterial inoculation) revealed the optimum treatment: two-year-old seeds treated with GA₃ and inoculated with B. megaterium achieved the highest germination of 85.33% (Fig. 1), indicating a synergistic effect of physiological and microbial treatments.
Overall, germination was maximized when hormonal priming and beneficial bacteria were applied together to moderately aged seeds. These results suggest that optimal seed performance depends on the careful combination of seed age, hormone application, and microbial inoculation, which together enhance the physiological and microbiological conditions for germination.

Table 1. Mean germination (%) of Echinacea seeds as affected by seed age, GA₃ application, and bacterial inoculation, including their interactions.
	MEANS OF BİNARY İNTERACTİONS 
	GENERAL MEANS

	
AxB **
Lsd: 2,534
	Seed Age (A)
	Hormone (B)
	Seed Age 
Lsd: ** 2,114

	
	
	1
	2
	

	
	1
	43,26 c
	60,03 b
	1
	51,65 b

	
	2
	33,83 d 
	76,55 a
	2
	55,19 a

	
	3
	35,45 d
	62,53 b
	3
	48,99 b

	
	
Hormone 
Lsd: ** 1,463

	
AxC  **
 Lsd:
1,615
	Seed Age (A)
	Bacterial Treatment (C)
	

	
	
	1
	2
	3
	4
	

	
	1
	46,88 d
	54,43 b
	54,20 b
	51,07 c
	1
	37,51 b

	
	2
	56,25 b
	60,37  a
	54,15 b
	50,00 c
	2
	66,37 a

	
	3
	54,20 b
	49,00 cd
	43,75 e
	49,00 cd
	

Bacterial Treatment 
Lsd: 0,9324

	
	

	
BxC **
Lsd:
1,319
	Hormone (B) 
	Bacterial Treatment (C)
	

	
	
	1
	2
	3
	4
	1
	52,44 b

	
	1 
	36,82de
	40,99 c
	37,50  d
	34,74 e
	2
	54,60 a

	
	2 
	68,07 a
	68,21 a
	63,90 b
	65,30 b
	3
	50,70 c

	
	
	4
	50,02 c


Lsd: Least Significant Difference;
Hormone Treatments: 1: Control, 2: 500 mg/L GA3; 
Bacterial Treatments: 1: Control (No bacteria), 2: B. megaterium, 3: B. subtilis, 4: B.amyloliquefaciens


Figure 1: Means of the ternary interaction of seed age, GA₃ application, and bacterial inoculation on germination (%) of Echinacea seeds.

Lsd; Least Signifinace Diffrence: 2.284

Plant Height (mm)
Statistical analysis indicated that seed age, hormone application, and bacterial inoculation significantly influenced plant height, and all binary (A×B, A×C, B×C) and ternary interactions (A×B×C) were also significant at p < 0.01 (Table 2, Fig. 2).
Seed Age: Plant height increased with seed age, with the highest mean recorded in three-year-old seeds (120.6 mm), followed by one-year-old (117.3 mm) and two-year-old seeds (112.9 mm). This suggests that older seeds retained strong growth potential, whereas two-year-old seeds were slightly less vigorous.
Hormone Application: GA₃ application markedly increased plant height from 109.2 mm in untreated controls to 124.6 mm, demonstrating its effectiveness in promoting cell elongation and growth.
Bacterial Treatment: Among bacterial inoculations, treatment with B. amyloliquefaciens (C4) resulted in the greatest plant height (129.2 mm), suggesting enhanced growth promotion, potentially through improved nutrient availability and phytohormonal activity. In contrast, treatment C3 produced the lowest plant height (108.0 mm), indicating variability in the growth-promoting efficacy among the tested bacterial strains.
Binary Interactions: Seed Age × Hormone (A×B): Hormone application enhanced height across all seed ages, with similar maximum values in one-, two-, and three-year-old seeds (124.1, 124.1, and 125.6 mm, respectively). 
Seed Age × Bacterial Treatment (A×C): One-year-old seeds treated with B. amyloliquefaciens achieved the highest height among binary interactions (138.4 mm), highlighting a strong synergistic effect between young seed vigor and microbial inoculation. 
Hormone × Bacterial Treatment (B×C): The tallest plants in this interaction were observed in hormone-treated plants inoculated with B. amyloliquefaciens (130.7 mm).
Ternary Interaction (A×B×C): The combination of one-year-old seeds, GA₃ application, and B. amyloliquefaciens inoculation produced the maximum plant height (145.6 mm), indicating a pronounced synergistic effect of hormonal and microbial treatments in enhancing growth of young seeds (Fig. 2).
As shown in Fig. 2, these trends are visually evident, with hormone application and bacterial inoculation synergistically enhancing plant height, particularly in one-year-old seeds treated with bacterial strain 4. Overall, the figure illustrates the strong interactive effects of seed age, GA₃, and bacterial inoculation on plant growth, confirming that specific combinations can maximize height.
Table 2. Means of binary interactions among seed age, GA₃ application, and bacterial inoculation for plant height (mm).
	MEANS OF BİNARY İNTERACTİONS 
	GENERAL MEANS

	
AxB **
Lsd: 5,349
	Seed Age (A)
	Hormone (B)
	Seed Age 
Lsd: ** 4,133

	
	
	1
	2
	

	
	1
	110,5 b
	124,1 a
	1
	117,3 a

	
	2
	101,6 c
	124,1 a
	2
	112,9 b

	
	3
	115,6 b
	125,6 a
	3
	120,6 a

	
	
Hormone 
Lsd: ** 3,088

	
AxC  **
 Lsd:
4,409

	Seed Age (A)
	Bacterial Treatment (C)
	

	
	
	1
	2
	3
	4
	

	
	1
	102,3 e
	109,8 d
	118,7 c
	138,4 a
	1
	109,2 b

	
	2
	118,6 c
	121,4 bc
	85,8 f
	125,6 b
	2
	124,6 a

	
	3
	120,5 c
	118,9 c
	119,6 c
	123,4 bc
	

Bacterial Treatment
 Lsd: 2,546

	
	

	
BxC **
Lsd:
3,600
	Hormone (B) 
	Bacterial Treatment (C)
	

	
	
	1
	2
	3
	4
	1
	113,8 c

	
	1 
	102,5 e
	110,9 d
	92,9 f
	130,7 a
	2
	116,7 b

	
	2 
	125,1 bc
	122,5 c
	123,1 c
	127,7 ab
	3
	108,0 d

	
	
	4
	129.2 a


Lsd: Least Significant Difference 
Hormone Treatments: 1: Control, 2: 500 mg/L GA3; 
Bacterial Treatments: 1: Control (No bacteria), 2: B. megaterium, 3: B. subtilis, 4: B.amyloliquefaciens


Figure 2: Means of ternary interaction (A x B x C) related to plant height values. 

Lsd: Least Significant Difference: 6.235

Number of Leaves (plant⁻¹)
Leaf number was significantly influenced by seed age (A), hormone application (B), and bacterial inoculation (C), as well as all two-way (A×B, A×C, B×C) and three-way (A× B×C) interactions (p < 0.01; Table 3, Fig. 3).
Across seed ages, plants derived from one year old seeds produced the highest leaf numbers (5.34) overall, whereas those from two-year-old seeds showed comparatively lower values (4.83). Three-year-old seeds exhibited intermediate to high performance (5.20) depending on treatment combinations (Table 3; Fig. 3).
Hormone application (500 mg L⁻¹ GA₃) consistently increased leaf number across all seed age groups relative to the untreated control, raising the overall mean from 4.99 to 5.26. This stimulatory effect was most pronounced in plants derived from one-year-old seeds (Fig. 3).
 Bacterial inoculation significantly affected leaf production, with B. megaterium (C2) consistently producing higher leaf numbers (5.53) compared with the other bacterial treatments and the un-inoculated control. This trend was evident across different seed ages and hormone conditions (Table 3; Fig. 3).
Significant two-way interactions further highlighted treatment-specific responses. 
The A×B interaction indicated that the positive effect of hormone application was dependent on seed age, with the greatest enhancement observed in one- and three-year-old seeds (5.50 and 5.65, respectively). 
The A×C interaction further demonstrated that B. megaterium was particularly effective when applied to one-year-old seeds, resulting in the highest leaf number (6.50)  among seed age × bacterial treatment combinations. 
Similarly, the B×C interaction showed that the response to bacterial inoculation varied with hormone application, with B. megaterium under hormone treatment producing the highest leaf numbers (5.93) among all bacterial treatments (Table 3).
The three-way interaction (A×B×C) revealed that the maximum leaf number (7.60 leaves plant⁻¹) was obtained from plants derived from one-year-old seeds treated with both GA₃ and B. megaterium (Fig. 3). In contrast, lower leaf numbers were generally associated with two-year-old seeds under control or less effective bacterial treatments.
Overall, the highest total leaf number was observed in plants derived from one-year-old seeds treated with both B. megaterium and hormone, indicating a clear synergistic effect among these factors. These findings suggest that combining appropriately aged seeds with targeted bacterial inoculants and hormone treatments can substantially enhance plant growth and leaf development.

Table 3. Mean leaf number (plant⁻¹) as influenced by seed age (A), GA₃ application (B), and bacterial inoculation (C), including their binary interactions. 
	MEANS OF BİNARY İNTERACTİONS 
	GENERAL MEANS

	
AxB **
Lsd: 0,1973
	Seed Age (A)
	Hormone (B)
	Seed Age 
Lsd: ** 0,277

	
	
	1
	2
	

	
	1
	5,18 b
	 5,50 a
	1
	5,34 a

	
	2
	5,05 b
	4,62 c
	2
	4,83 b

	
	3
	4,75 c
	5,65 a
	3
	5,20 a

	
	
Hormone 
Lsd: ** 0,0039

	
AxC  **
 Lsd:
0,3781

	Seed Age (A)
	Bacterial Treatment (C)
	

	
	
	1
	2
	3
	4
	

	
	1
	5,00 cd
	6,50 a
	 5,05 cd
	4,80 d
	1
	4,99 b

	
	2
	5,40 bc
	4,70 d
	4,28 e
	4,95 d
	2
	5,26 a

	
	3
	4,90 d
	 5,40 bc
	  5,00 cd
	5,50 b
	

Bacterial Treatment 
Lsd: 0,2183

	
	

	
BxC **
Lsd:
0,3087
	Hormone (B) 
	Bacterial Treatment (C)
	

	
	
	1
	2
	3
	4
	1
	  5,00 cd

	
	1 
	4,87 de
	5,13 bcd
	4,77 e
	5,20 bc
	2
	5,53 a

	
	2 
	5,33 b
	5,93 a
	4,79 e
	4,97 cde
	3
	4,78 c

	
	
	4
	5,08 b


Lsd: Least Significant Difference 
Hormone Treatments: 1: Control, 2: 500 mg/L GA3; 
Bacterial Treatments: 1: Control (No bacteria), 2: B. megaterium, 3: B. subtilis, 4: B.amyloliquefaciens

Figure 3: Means of the ternary interaction (A × B × C) for leaf number (plant⁻¹)

Lsd: Least Significant Difference: 0.5348 

Root Lenght (cm)
Root length was significantly influenced by seed age (A), hormone application (B), and bacterial treatment (C), with all two-way and three-way interactions also significant (p < 0.01), indicating strong interdependence among factors (Table 4, Fig. 4).
Across main effects, root length declined with increasing seed age. Plants derived from one-year-old seeds exhibited the greatest mean root length (22.98 cm), whereas those from two- and three-year-old seeds produced significantly lower and statistically comparable values (21.38 and 21.36 cm, respectively). 
Hormone application reduced root length, with untreated plants (22.41 cm) outperforming hormone-treated plants (21.40 cm). 
Among bacterial treatments, C₂ (B. megaterium) resulted in the highest mean root length (23.10 cm), followed by C₁ (22.20 cm), whereas C₃ and C₄ produced significantly lower values (21.01 and 21.30 cm, respectively).
The A×B interaction (Table. 4) showed that the highest root length (23.25 cm) was obtained from one-year-old seeds in the absence of hormone application, while the lowest value (20.60 cm) occurred in two-year-old seeds under hormone treatment. A consistent decline in root length with increasing seed age was observed under both hormone conditions, and hormone application significantly reduced root length within each seed age class, as also illustrated in Fig. 4.
The A×C interaction further demonstrated that the response to bacterial treatments varied with seed age. The greatest root length (25.00 cm) was recorded in one-year-old seeds inoculated with C₂, clearly exceeding all other treatment combinations. In contrast, the lowest value (19.90 cm) was observed in two-year-old seeds under C₃ treatment. Although root length declined with seed ageing across all bacterial treatments, C₂ consistently maintained superior performance across seed age classes (Table. 4; Fig. 4).
Similarly, the B×C interaction indicated that bacterial effects were modulated by hormone application. Under non-hormone conditions, C₂ produced the highest root length (23.33 cm), followed closely by C₄ (23.20 cm). Hormone application reduced root length across all bacterial treatments, with the most pronounced reduction observed under C₄ (19.40 cm). Nevertheless, C₂ remained comparatively effective even under hormone treatment (22.87 cm), indicating greater stability of its promotive effect.
The ternary interaction (A×B×C) revealed that one-year-old seeds treated with B. megaterium without hormone application had the longest roots (27.40 cm), highlighting the strong positive effect of B. megaterium on root elongation (Fig. 4).
Overall, both the graphical and tabulated data consistently demonstrate that root growth was maximised in plants derived from younger seeds, in the absence of hormone application, and following inoculation with B. megaterium (C₂). In contrast, seed ageing and hormone application exerted negative effects on root elongation, while the magnitude of bacterial responses depended on both seed age and hormone status.

Table 4. General means and binary interaction effects of seed age, hormone application, and bacterial treatment on root length (cm).
	MEANS OF BİNARY İNTERACTİONS 
	GENERAL MEANS

	
AxB **
Lsd: 1,331
	Seed Age (A)
	Hormone (B)
	Seed Age 
Lsd: ** 1,039

	
	
	1
	2
	

	
	1
	23,25 a
	 22,70 ab
	1
	22,98 a

	
	2
	    22,15 abc
	              20,60 d
	2
	21,38 b

	
	3
	     21,82 bcd
	 20,90 cd
	3
	21,36 b

	
	
Hormone 
Lsd: ** : 0,7683

	
AxC  **
 Lsd:
1,332

	Seed Age (A)
	Bacterial Treatment (C)
	

	
	
	1
	2
	3
	4
	

	
	1
	  21,70 bcd
	  25,00 a
	 22,10 bcd
	   23,10 b
	1
	22,41 a

	
	2
	22,30 bc
	22,50 bc
	  19,90 e
	 20,80 de
	2
	21,40 b

	
	3
	   22,60 b
	  21,80 bcd
	 21,03 cde
	   20,00 e
	

Bacterial Treatment 
Lsd:**: 0,7692

	
	

	
BxC **
Lsd:
1,088

	Hormone (B) 
	Bacterial Treatment (C)
	

	
	
	1
	2
	3
	4
	1
	22,20 b

	
	1 
	  22,40 abc
	23,33 a
	20,69 d
	23,20 a
	2
	23,10 a

	
	2 
	22,00 bc
	  22,87 ab
	  21,33 cd
	 19,40 e
	3
	21,01 c

	
	
	4
	21,30 c


Lsd: Least Significant Difference;
Hormone Treatments: 1: Control, 2: 500 mg/L GA3; 
Bacterial Treatments: 1: Control (No bacteria), 2: B. megaterium, 3: B. subtilis, 4: B.amyloliquefaciens



Figure 4: Ternary interaction effects of seed age (A), hormone application (B), and bacterial treatment (C) on root length (cm). 

Lsd: Least Significant Difference: 1.884.



Root Fresh Weight (gr)
Statistical analysis revealed that the main effects of seed age, GA₃ application, and bacterial inoculation, as well as their two-way and three-way interactions, were significant (p < 0.01; Table 5, Fig. 5).
Across treatments, seeds aged two and three years produced greater root fresh weights (4.34 g and 4.14 g, respectively) compared with one-year-old seeds (4.05 g). Application of GA₃ markedly increased root weight; with treated plants (4.49 g) exceeding untreated controls (3.37 g).
Among bacterial treatments, inoculation with B. amyloliquefaciens resulted in the highest overall mean root weight (4.49 g), followed by B. megaterium (4.10 g), the non-inoculated control (4.26 g), and B. subtilis (3.85 g).
Two-way interactions: Analysis of binary interactions indicated that the interaction between seed age × GA₃ showed that hormone application increased root fresh weight consistently across all seed ages, with similar values observed under GA₃ treatment (4.46–4.53 g), indicating a uniform hormonal response. In contrast, under non-treated conditions, root weight varied more noticeably among seed ages (3.63–4.23 g).
For the seed age × bacterial treatment interaction, the highest root fresh weight (5.16 g) was recorded in two-year-old seeds inoculated with B. amyloliquefaciens, while comparatively lower values were observed with other bacterial treatments, particularly B. subtilis.
The hormone × bacterial interaction revealed that GA₃ application enhanced root fresh weight across all bacterial treatments. The greatest mean value (4.87 g) was observed with the combined application of GA₃ and B. amyloliquefaciens, followed closely by GA₃ combined with the un-inoculated control (4.81 g), with no significant difference between these treatments. Lower values were associated with B. subtilis under both hormone conditions. This suggests that the bacterial effect under hormone-treated conditions was limited.
Three-way interaction: The three-way interaction (seed age × GA₃ × bacterial treatment) further demonstrated that the maximum root fresh weight (5.56 g) was achieved in three-year-old seeds treated with both GA₃ and B. amyloliquefaciens (Fig. 5). While this combination produced the highest observed value, the lack of consistent statistical separation among some interaction means suggests that the effect may be additive rather than strictly synergistic. In general, GA₃-treated plants consistently outperformed untreated plants across all seed ages and bacterial treatments, with the magnitude of response varying depending on the bacterial inoculation and seed age.
Taken together, GA₃ application exerted the strongest positive effect on root fresh weight, while bacterial inoculation particularly with B. amyloliquefaciens provided additional increases. Seed age had a comparatively smaller but still significant effect, with older seeds generally producing higher root weights under most treatment combinations.

Table 5. Means of binary  interactions among seed age, hormone application, and bacterial treatment for root fresh weight (g).
	MEANS OF BİNARY İNTERACTİONS 
	GENERAL MEANS
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Figure 5: Ternary interaction effects of seed age (A), hormone application (B), and bacterial treatment (C) on root fresh weight (g).

Lsd: Least Significant Difference: 0.3293



DİSCUSSİON
Seedlings developed from seeds of different ages and subjected to GA₃, PGPR, or combined treatments exhibited enhanced vigor compared to untreated controls. These seedlings were characterized by taller shoots, greater root biomass, and increased leaf production, indicating an overall improvement in early growth performance. Such responses are particularly important for older or low-vigor seeds, where establishment is typically constrained. Although some performance differences relative to younger seeds persisted, the applied treatments substantially restored developmental capacity, suggesting that GA₃ and PGPR can mitigate the adverse effects of seed aging, even if they do not fully reverse all age-related physiological declines.
Similar improvements in seedling vigor following GA₃ priming and microbial inoculation have been reported in medicinal plants, where hormonal and microbial treatments improved germination, enzyme activity, and seedling growth (Rout et al., 2017; Egamberdieva et al., 2015; Chauhan et al., 2024). However, implications for improved abiotic stress tolerance in the present study remain inferential, as these mechanisms were not directly measured but are proposed based on previous findings. 
The individual and interactive effects of these factors on the emergence and growth of Echinacea are discussed in detail in the following sections.

Effect of GA₃ on Seed Germination and Early Seedling Vigor
Seed germination and early seedling development are critical stages that determine the future growth and productivity of plants. The present results clearly demonstrate that exogenous application of GA₃ substantially enhanced seed germination, shoot growth, leaf production, and root biomass, while exerting a contrasting inhibitory effect on root elongation. The promotive effect of GA₃ on germination, particularly the marked increase from 37.51% in untreated seeds to 66.37% in treated seeds, is consistent with the well-established role of gibberellins in breaking seed dormancy and stimulating germination-related metabolic processes.  These results are consistent with previous studies in Echinacea purpurea and E. angustifolia, where germination and early seedling growth were strongly influenced by seed priming and dormancy-alleviation treatments (Macchia et al., 2001; Hassell et al., 2002).
 GA₃ is known to promote the synthesis of hydrolytic enzymes such as α-amylase, which mobilise stored reserves in the endosperm, thereby supporting embryo growth and radicle emergence (Yamaguchi, 2008; Nonogaki et al., 2010; Bewley et al., 2013). By initiating these physiological processes, GA₃ effectively “kick-starts” the seed, allowing it to overcome dormancy or low vigor. Similar effects have been documented in sugar beet under saline stress and in low-vigor Dianthus caryophyllus seeds (Jamil & Rha, 2007; Roychowdhury et al., 2012). In medicinal and aromatic plants more broadly, exogenous GA₃ treatments have been shown to enhance germination, uniformity, and early seedling growth (Sharma & Sharma, 2010; Rout et al., 2017).
Seed age is a critical factor influencing germination, as older seeds often experience physiological deterioration, delayed germination, and reduced vigor. Interestingly, in this study, 2- and 3-year-old seeds sometimes performed as well as, or even better than, 1-year-old seeds for traits such as plant height and root weight. The stronger response observed in two-year-old seeds suggests that GA₃ can partially compensate for age-related declines in seed vigour by restoring metabolic activity. This pattern may be explained by after-ripening, which gradually alleviates physiological dormancy during storage. Dormancy is typically high in the first year, but by the second year, seeds exit dormancy and require exposure to light to further enhance germination (Leperlier et al., 2018). Consequently, stored seeds may display improved germination and seedling vigor due to the reduction of dormancy constraints rather than an increase in intrinsic seed quality (Finch-Savage & Leubner-Metzger, 2006; Baskin & Baskin, 2014). Similar recovery effects of GA₃ on aged seeds have been reported in plants like Chinese sour jujube and Panax notoginseng, where hormonal priming improved enzyme activity and germination performance (Ge et al., 2023; Chen et al., 2025).
The positive effects of GA₃ extend to early seedling growth. GA₃-treated seedlings in our experiment exhibited greater plant height, higher leaf numbers, and increased root weight. These outcomes are consistent with the role of gibberellins in promoting cell elongation and division through the regulation of cell wall extensibility and gene expression, thereby promoting both shoots and root development. (Taiz et al., 2015). The consistent enhancement of leaf number further indicates that GA₃ may stimulate meristematic activity and leaf initiation, contributing to improved canopy development. Similarly, the pronounced increase in root weight under GA₃ treatment suggests enhanced assimilate allocation and biomass accumulation, which may result from increased photosynthetic capacity and sink strength. Similar observations have been reported in Leymus chinensis, where GA₃ seed priming increased germination rates by 14–27% and improved subsequent biomass production (Ma et al., 2018), and in Betula utilis, where 100 ppm GA₃ enhanced germination, speed, and seedling vigor (Negi and Sharma, 2025).
However, the observed reduction in the root length under GA₃ application (Table 4) highlights a differential hormonal regulation of root architecture, suggesting a trade-off between root elongation and biomass accumulation. Gibberellins are known to favour shoot elongation over root elongation, often leading to shorter but thicker roots due to altered cell elongation dynamics (Wang et al., 2015). This shift may explain the simultaneous decrease in root length and increase in root weight observed in the present study. A further reason could be that GA₃ stimulates root development at lower doses, whereas higher doses may inhibit root elongation, perhaps due to suppression of auxin pathways or induction of stress-related mechanisms (Sari, 2024). GA₃  has been reported to regulate root growth at substantially lower concentrations than those required to influence shoot development (Tanimoto, 1994; Tanimoto, 2012). It is assumed that GA3 produced by the plant itself may be sufficient for root development or may be effective at much lower dose applications. Similar trade-offs have been reported in Arabidopsis, tulip cultivars and maize, where GA₃ altered root architecture by reducing elongation while increasing lateral growth and biomass accumulation (Ubeda-Tomás et al., 2008; Achard et al., 2009; Sari, 2024).
Overall, these findings confirm that GA₃ primarily enhances above-ground growth and biomass accumulation, while its effects on root architecture vary according to developmental stage, physiological condition, and cultivar-specific responses, generally favouring root mass over elongation. These results underscore the importance of considering both the positive and contrasting effects of GA₃ when designing seed treatments, particularly with regard to root system development and resource allocation in medicinal and aromatic plants.


Effect of PGPR (Bacillus Spp.) İnoculation on Seed Germination and Early Seedling Vigor
PGPR significantly influenced all measured parameters, although their effects varied depending on the bacterial strain and trait examined. Among the tested strains, B. megaterium was particularly effective in enhancing seed germination, leaf number, and root length, whereas B. amyloliquefaciens showed the strongest effect on plant height and root weight. These findings reflect the functional diversity among PGPR and their distinct mechanisms of action.
These observations are consistent with previous reports in both medicinal and cereal crops, where PGPR treatments improved germination, seedling vigor, and overall plant establishment (Vessey, 2003; Egamberdieva et al., 2015; Singh et al., 2021). For example, in finger millet (Eleusine coracana L.), inoculation with PGPR such as B. amyloliquefaciens improved seed quality and germination, whereas untreated seeds consistently showed the lowest performance (Singh et al., 2021). Comparable positive effects have also been documented in medicinal plants such as Echinacea purpurea, where rhizobacterial inoculation enhanced seedling growth and root development (Attarzadeh et al., 2019, 2020; Wu et al., 2021; Masjedi et al., 2025). 
Together, these studies suggest that the observed improvements in our experiment are likely due to well-established PGPR-mediated mechanisms that enhance early seedling vigor.
Bacillus species promote plant growth through multiple mechanisms, including phytohormone production, nutrient solubilization, and modulation of plant signaling pathways. For instance, B. megaterium enhanced cytokinin signaling, promoting growth in Arabidopsis thaliana and Phaseolus vulgaris seedlings (Ortíz-Castro et al., 2008), while B. subtilis strain GB03 improved germination, growth, and photosynthetic efficiency in medicinal crops, demonstrating its potential as a bio-inoculant for enhancing plant vigor (Wu et al., 2016; Egamberdieva et al., 2017).
In our study, the effectiveness of Bacillus species varied depending on growth parameters, seed age, and GA₃ treatment. B. megaterium particularly promoted germination, leaf number, and root length. The enhanced germination associated with B. megaterium may result from its production of phytohormones such as indole-3-acetic acid (IAA) and gibberellin-like substances, along with its ability to improve nutrient availability through phosphate solubilisation (Vessey, 2003; Kloepper et al., 2004; Egamberdieva, 2009). These microbial activities stimulate early metabolic processes and support seedling establishment, particularly under suboptimal conditions. 
Similarly, the enhancement of plant height and root biomass by B. amyloliquefaciens is consistent with previous reports highlighting its role in improving nutrient uptake, producing growth-promoting metabolites, and enhancing photosynthetic efficiency, providing a mechanistic explanation for the observed growth enhancement (Bashan and de-Bashan, 2010; Egamberdieva et al., 2015; Wu et al., 2016). The variability observed among bacterial treatments, particularly the relatively lower performance of some strains, further emphasizes that PGPR effects are strain-specific and depend on their metabolic capabilities and compatibility with the host plant.
The variability observed among bacterial treatments, particularly the relatively lower performance of some strains, further emphasizes that PGPR effects are strain-specific and depend on their metabolic capabilities and compatibility with the host plant.
The strong positive effect of B. megaterium on root length, especially in younger seeds, suggests its involvement in root system modulation, likely through auxin-mediated stimulation of root elongation and branching. Enhanced root development improves water and nutrient acquisition, thereby supporting overall plant growth (Lugtenberg and Kamilova, 2009). Collectively, these results confirm that PGPR play a critical role in improving both early-stage germination and subsequent plant development through multiple biochemical and physiological pathways.

Effect of GA₃ × PGPR (Bacillus Spp.)  İnteractions on Seed Germination and Early Seedling Vigor
Notably, a synergistic interaction occurred when GA₃ priming was combined with PGPR inoculation. The combined application of GA₃ and PGPR resulted in pronounced improvements in germination and plant growth, although the nature of these interactions varied among traits, ranging from synergistic to additive effects. Seedlings exhibited faster emergence, taller shoots, more leaves, and higher root biomass compared to either treatment alone. The most notable synergistic response was observed in seed germination, where the combination of GA₃ and B. megaterium increased germination to 85.33% in two-year-old seeds. This enhancement likely reflects complementary mechanisms, whereby GA₃ accelerates internal metabolic activation while PGPR improve external conditions through hormone production and nutrient mobilisation. Such dual stimulation has been widely reported to enhance seed performance beyond individual treatments (Egamberdieva et al., 2017), effectively improving both the speed and quality of seedling establishment, particularly in aged or low-vigor seeds (Khan, 1992; Afzal et al., 2005). Similar synergistic effects have been reported in medicinal plants such as Salvia officinalis and Mentha piperita, where combined hormonal and microbial treatments improved both germination and early growth (Radhakrishnan et al., 2017; Egamberdieva et al., 2017). 
Similarly, strong synergistic effects were observed in shoot growth parameters, particularly plant height and leaf number, where the combination of GA₃ and B. amyloliquefaciens or B. megaterium produced the highest values. These responses suggest that microbial production of phytohormones and improved nutrient acquisition may amplify GA₃-induced growth processes, leading to enhanced cell division, elongation, and organ development (Vessey, 2003; Kloepper et al., 2004; Taiz et al., 2015). The maximum plant height and leaf number obtained in one-year-old seeds under combined treatment further indicate that seed physiological status plays a crucial role in determining the magnitude of interaction effects (Finch-Savage & Leubner-Metzger, 2006). These improvements are particularly important for older or low-vigor seeds, as treatments substantially restored developmental capacity, although some lag compared to younger seeds persisted, suggesting that GA₃ and PGPR can mitigate, though not entirely eliminate, the negative effects of seed aging (Khan, 1992; Afzal et al., 2005; Farooq et al., 2009; Bewley et al., 2013).
In contrast, the interaction effects on root traits were more complex. While PGPR alone, particularly B. megaterium, strongly promoted root elongation, the addition of GA₃ often reduced this effect, confirming the antagonistic influence of gibberellins on root elongation (Tanimoto, 1994; Ubeda-Tomás et al., 2008). Nevertheless, combined treatments enhanced root weight, indicating that GA₃ and PGPR may jointly promote root thickening and biomass accumulation rather than elongation (De Klerk et al., 2009; Taiz et al., 2015). The highest root weight observed under GA₃ and B. amyloliquefaciens treatment suggests an additive effect driven by increased assimilate partitioning and microbial enhancement of nutrient uptake (Vessey, 2003; Bashan & de-Bashan, 2010).
Mechanistically, GA₃ likely accelerates early metabolic processes, giving seedlings a developmental advantage, while PGPR-mediated improvements in root architecture enhance nutrient and water uptake, supporting sustained vegetative growth. Nevertheless, older seeds may still suffer from accumulated biochemical and structural damage, such as oxidative stress and membrane deterioration, which cannot be fully reversed by these treatments (Finch-Savage & Leubner-Metzger, 2006).

Overall, the interaction results highlight that GA₃ and Bacillus spp. act through partially overlapping but complementary pathways. While GA₃ primarily regulates internal physiological processes related to growth and development, PGPR modify the rhizosphere environment and provide additional hormonal and nutritional support for the structural and functional development of the root system, resulting in improved seedling vigor. The outcome of their interaction is therefore context-dependent, varying with seed age, bacterial strain, and the specific growth parameter considered. These findings highlight the practical potential of integrating hormonal priming and microbial inoculation to enhance early growth and establishment in medicinal plants, particularly for aged or low-vigor seed lots.

PRACTICAL IMPLICATIONS AND LIMITATIONS
From a practical perspective, our findings suggest that pre-treating seeds with GA₃ and/or inoculating them with Bacillus-based PGPR can effectively enhance germination and early seedling development across seed lots of varying ages. This approach is particularly relevant in agricultural systems where seed vigor declines during storage.
However, several important considerations should be noted:
GA₃ Concentration: This study employed a single concentration of GA₃; therefore, future research should establish the optimal dose–response relationship for Echinacea seeds of different ages to maximize benefits while avoiding potential negative effects on root development. 
PGPR Effectiveness: The benefits of PGPR inoculation depend on the specific bacterial strain, plant species, environmental conditions, and plant–microbe compatibility and may vary between controlled and field conditions. 
Combination Treatments: Although GA₃ and PGPR showed synergistic effects, practical application should consider cost-effectiveness, timing of application, and seed storage conditions. 
Seed Age Limitations: Older seeds may not fully recover to the performance level of fresh seeds; thus, these treatments should be viewed as strategies to improve, rather than completely restore, seed vigor. 
Scope of the Study: This study focused on early germination and seedling growth. Future research should evaluate long-term effects on plant development, biomass accumulation, yield, and reproductive performance. 

Overall, GA₃ priming and PGPR inoculation represent promising and sustainable strategies to improve seedling establishment, particularly in aged or low-vigor seed lots. However, further optimization and field validation are necessary to fully realize their practical potential.

CONCLUSİONS
This study demonstrates that the application of GA₃ and Bacillus-based PGPR strains, either individually or in combination, significantly enhances germination and early seedling growth of Echinacea seeds across different age classes, as reflected in improvements in plant height, leaf number, root length, and root weight.
GA₃ treatment consistently improved germination, shoot growth, leaf development, and root biomass, indicating its effectiveness in partially alleviating the negative effects of seed aging. PGPR inoculation exhibited clear strain-specific responses: B. megaterium was particularly effective in enhancing germination, leaf number, and root elongation, whereas B. amyloliquefaciens primarily promoted shoot growth and root biomass accumulation. These differences highlight the functional diversity of PGPR and their distinct roles in plant development.
The combined application of GA₃ and PGPR produced the most pronounced improvements, confirming that their interaction can be synergistic or additive depending on the trait. Dual treatments consistently outperformed individual applications, while specific combinations maximised performance across parameters. These results indicate that hormonal priming and microbial inoculation act through complementary mechanisms, enhancing both internal physiological processes and external rhizosphere-mediated support.
Seed age remained a critical determinant of performance. Although GA₃ and PGPR treatments substantially improved the vigor and developmental capacity of older seeds, they did not fully restore performance to the level of younger seeds, reflecting the persistent effects of physiological deterioration associated with seed aging.

From a practical perspective, the integration of GA₃ priming and PGPR inoculation represents a promising and effective strategy to improve seed germination, seedling establishment, and early growth uniformity, particularly in aged or low-vigor seed lots. Such approaches may be especially valuable in medicinal plant production systems where uniform establishment and biomass development are critical.
Future research should focus on validating these findings under field conditions to determine whether early growth advantages translate into improved yield and phytochemical quality. Further work is also needed to optimize GA₃ concentrations, identify the most effective PGPR strains, and evaluate their interactions with seed storage conditions and environmental stresses such as salinity, drought, and heavy metal exposure. In addition, elucidating the physiological and molecular mechanisms underlying seed aging and its mitigation by GA₃ and PGPR will provide deeper insight into the development of more targeted and efficient seed enhancement technologies.
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