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Role of Different Microbial Biofertilizers in Sustainable Olive Yield Improvement under Salinity Stress


Abstract 
The current study assessed the impact of microbial inoculation on vegetative growth, flowering traits, fruit physical properties, yield, and oil percentage of olive trees grown in saline soil  at olive collection farm located in the Al-Moghra area of Matrouh Governorate, Egypt. conditions during two successive years (2024-2025). The treatments were Bacillus velezensis, Bacillus cereus, Trichorums sp, and mycorrhizal fungi, and the control was untreated trees. Microbial inoculation significantly increased vegetative factors such as leaf number, leaf surface area, and chlorophyll content, which cumulatively led to increased photosynthesis. Better vegetative growth led to better reproductive growth, as indicated by longer inflorescences, increased number of flowers, increased percentage of perfect flowers, and flowering density. As a result, fruit growth was positively influenced, as microbial inoculation increased fruit weight, length, and width compared to the control. In addition, microbial inoculation showed a reduction in salinity stress, as indicated by the reduction in proline content and the reduction in markers of oxidative stress, such as total phenols, peroxidase, and polyphenol oxidase activity. These increases cumulatively led to increase per-tree oil yield and oil percentage, with mycorrhizal fungi and Trichorums sp showing the highest values. Microbial inoculation significantly increased soil microbial activity, as indicated by dehydrogenase enzyme activity, and increased indole-3-acetic acid (IAA) concentration in the rhizosphere, as the treated areas had higher values than the control. This increased microbial activity and auxin production led to better nutrient uptake, which in turn positively influenced olive tree growth, fruit development, and oil production. The results of this study emphasize the importance of the integrative function of microbial inoculants in improving growth, reproductive performance, and economic properties of olive trees under stress conditions, as indicated by the effectiveness of mycorrhizal fungi and Trichorums sp.
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Introduction 
Olive cultivation is associated with several countries of the Mediterranean Sea basin and plays an important role in the diets, economies and cultures of the region (Ateş and Sunar, 2025). Over the past four decades, Egypt's olive agriculture sub-sector has undergone remarkable growth. According to Ministry of Agriculture data, the average cultivated area reached 277715 feddans by 2023. Recently, Egypt has infested land reclamation in Al-Mughira under the cultivation 1.5 million feddan initiative, prioritization olive cultivation for its superior salinity tolerance (ICARDA). In general Olive specie was found to tolerate salinity levels between 2000 to 9000 ppm according to the treated cultivars (Rico et al., 2024 ).
Microbes are detected in almost every ecosystem; thus, all plant and animal species live on the planet of microbes (Deng et al., 2019). Plant-associated microbes are classified into beneficial, harmful, and neutral categories depending on their interactions with host plants. These microbes continuously engage with host plants and each other, collectively forming the plant microbiome. Plant microbiomes associated with improved health and productivity are gaining traction as alternatives to agrochemical methods. For instance, endophytic microbes such as bacteria or fungi that inhabit plants without causing symptoms—have recently attracted researcher interest for producing metabolites that regulate host plant physiology or possess pharmacological importance. Endophytes can confer host resistance to pathogens by synthesizing antimicrobial compounds (Rabbee et al., 2023). Endophytic microbes have been demonstrated to (i) obtain nutrients from the soil and transfer them to plants via the rhizophagy cycle and other nutrient-transfer symbioses, (ii) boost plant growth and development, (iii) reduce host oxidative stress, (iv) protect plants from disease, (v) discourage herbivore feeding, and (vi) suppress the growth of rival plant species 
(White et al., 2019).
Bacillus velezensis is a novel biocontrol species exhibiting several mechanisms in biological control of plant pathogens, including antibiosis, production of other types of antimicrobials, such as volatile organic compounds, direct competition for nutrients and growth space, and induction of plant immunity towards pathogens (Rabbee et al 2023). The application of B. velezensis increased the growth of Codonopsis pilosula (Zhao et al 2016) . B. velezensis  application to banana plants elevates root amino acid levels and provides biocontrol against Fusarium wilt. Additionally, it produces IAA and GA3 hormones, detected in Landy broth with L-tryptophan and banana root exudates (Xu et al., 2025).
B. cereus is an important plant growth promoting bacteria. It provides sustainable ways to increase plant yield as well as protection from environmental stress such as heavy metals. B. cereus can both increase plant nutrition and act as an osmoprotection agent (Direk et al., 2024) . it has been well established that IAA-producing bacterial species belonging to the genus Bacillus can protect plants from salt stress(Wang et al., 2020).
Cyanobacteria are microorganisms that produce their own food using photosynthesis. They are the first stage of the soil's food chain, or primary producers. Cyanobacterial strains, Trichomus variabilis, Thrichormus sp., and Nostoc sp., can be used as biofertilizers and nitrogen fixers (Ghazal and  Salem, 2023). They boost crop productivity and soil fertility by releasing soluble organic molecules and bioactive metabolites, mobilizing nutrients (Mehdizadeh Allaf and  Peerhossaini, 2022). Cyanobacteria often form symbiotic interactions with plants, eukaryotic algae and fungi. They make significant contributions to plant chloroplasts, where they reside.Plant's cells and thrives by consuming the food that the plant produces for itself. During the early Cambrian or late Proterozoic periods, cyanobacteria formed endosymbiotic relationships with eukaryotes, supplying food in exchange for shelter(Mishra et al., 2021).
Arbuscular mycorrhizal fungi (AMF) are soil microorganisms that form symbiotic relationships with most land plants. Approximately 94% of vascular plant species are associated with mycorrhizae, a mutualistic partnership between plant roots and fungi (Khaliq et al.,2022). This relationship enhances nutrient absorption by expanding the root's effective surface area. In exchange, the fungi obtain carbohydrates from the plant, which are vital for completing their life cycle (Wahab et al., 2023).Scientific literature has established the pivotal role of mycorrhizal in augmenting the stress tolerance of olive trees, encompassing drought conditions (Ouledali et al., 2018), salinity stress (Kavroulakis et al., 2020),  mineral nutrient uptake (Tekaya et al., 2017), and resistance to pathogens (Boutaj et al., 2020).
The research aims to investigate the potential of microbial inoculants to influence vegetative growth, yield production, and biochemical activities of olive trees (Olea europaea L. cv. Coratina) grown in Al-Mughra region under salinity stress
Materials and Methods:
This study was conducted over two seasons (2024 and 2025) to investigate the effects of various microbial inoculants on olive trees, with a focus on the role of beneficial microorganisms in enhancing vegetative growth under saline conditions.
The selected olive trees were about 6-year-old, propagated by leafy cutting, and growing in the olive collection farm located in the Al-Moghra area of Matrouh Governorate. Trees were planted at 6×6m in sandy loam soil, under drip irrigation system, received regularly cultural practices, and they were free from pathogens and physiological disorders.
 	Microbial bio- fertilizer strains utilized in this study comprised OQ073573Bacillus velezensis (B. velezensis), OP490256.1 Bacillus cereus (B. cereus), OQ207016. Trichormus sp., and mycorrhizal fungi. Bacterial inocula were prepared by culturing each strain in its appropriate growth  nutrient broth medium (Diffco1982) under standard conditions for 24–48 hours.Cyanobacterium Trichormus sp. was cultured on BG11 medium (Browitzka and Browitzka 1988) and incubated at 28–30 °C under continuous illumination of white continuous light at 3000 lux.  for 21 days, and the culture was subsequently filtered to obtain the filtrate for use.The mycorrhizal spores, initially extracted from Egyptian soils and encompassing genera including Glomus, Gigaspora, and Acaulospora. Microbial inoculants were kindly obtained from the Department of Microbiology, Soils, Water and Environment Research Institute, Agricultural Research Center, Giza, Egypt. Inoculants were applied to trees every other month from the start of the growing season until the flowering stage, aligning with the period of active root development. Trees were maintained under uniform field conditions with consistent agronomic practices to isolate the effects of microbial treatments on olive development. Untreated trees served as the control for comparison. The experimental treatments were as follows: 
1- Control  (untreated) ,  2- B . velezensis 50mL/tree (5x107 cfu/mL), 3- B. cereus  50ml/tree (5x107 cfu/mL), 
4- Trichorums sp. (25 mL/tree (2x102 cfu/mL) 5- Mycorrhiza  (75mL/tree (10³ – 10⁵ spores/ mL). Each treatment was applied to five trees, representing five biological replicates, measurements were performed in three technical replicates per tree
Soil chemical , physical characteristics were determined at the laboratory of the Soil, Water and Environmental Res. Inst. according to the methods described by Jakson (1973) and the results are  summarized  in table(1). Irrigation water was supplied from groundwater wells,the physicochemical characteristics of the irrigation water are presented in Table 2.
	Particle size distribution*
	Chemical properties**
	Textural
class

	Clay
	Silt
	Sand
	O.M.
(%)
	EC 
μS/cm
	Available macronutrient  
 (mg kg-1)
	pH (1:2.5)
	

	%
	
	
	N
	P
	K
	
	
Sandy

	3
	0.0
	97.0
	17
	392
	155
	9.8
	0.17
	8.5
	


Table 1. Chemical characteristics of the tested soil sample collected from the experimental area.

Table2 .Irrigation water was supplied from groundwater wells. The physicochemical characteristics of the irrigation water are presented in Table 2
	pH
(1:2.5) soil suspension
	EC
μS/cm
	S.A.R
	Soluble cations (mmol c L-1)
	Soluble anions ( mmol c L-1)

	
	
	
	Ca++ 
	Mg++ 
	Na+ 
	K+ 
	CO3- 
	HCO3- 
	Cl- 
	SO4-

	6.5
	8.6
	12.8
	29.14
	7.81
	55.65
	0.68
	-- 
	1.6
	67.8
	23.88



1- Plant parameters 
vegetative growth parameters of olive trees were measured to evaluate response to  microbial inoculation. The study was repeated for two consecutive seasons  and each treatment were applied to 5 trees to ensure uniformity of data.
The following characteristics were recorded according to Methodology for primary characterization of olive varieties, according to Barranco et al. (2000) and Cimato and Attilio, (2008)..

Shoot Characteristics
· Number of leaves per  meter    
· Leaf surface area (LSA) (cm²): Calculated from ~40 adult leaves sampled from the middle section of selected shoots, using the equation described by Ahmed and Morsy (1999)
· Total chlorophyll content:  Chlorophyl were extracted from 1 g fresh young leaves in a dimethylformamide (DMF)  Overnight at 4℃ , quantified spectrophotometrically at 663, 647, and 470 nm (Moran et al.,1982).
Flowering charectristics
Twenty inflorescences at balloon stage (the stage in which blooms are completely swollen, white and near to open) from each tree were randomly taken from the middle portion of the shoots to measure the following inflorescence characteristics:
· Inflorescence length (cm): short <2.5, medium 2.5-3.5, long >3.5.
· Number of flowers per inflorescence: low <18 , medium 18-25,  high >25
· Perfect flower percentage was determined according to Rallo and Fernández-Escobar (1985).

Perfect flower percentage=  
Fruit characteristics: 
· Quantitative characters were assessed from 40 fruits from each studied tree at ripe stage were randomly collected to determine
Fruit weight: The following categories have been established (Del Rio and Caballero, 1999, Barranco et al., 2000) low< 2g medium (2-4g), high 4-6g, very high> 6g.
· Fruit length and width. 
· Oil percentage (based on dry fruit weight)  determined via Soxhlet extraction of ripe fruits as per AOAC (2000).
Yield (Kg/tree) Fruit of each experimented tree was harvested during ripe stage (olive with superficial pigmentation on more that 50% of the skin) and the average yield was calculated 

· Total phenol content: Measured via Folin-Ciocalteu assay (Lee et al., 2015). Briefly, 1 mL extract (100–500 mg mL⁻¹) was mixed with 2.5 mL 10% (w/v) Folin-Ciocalteu reagent, followed by 2 mL 75% Na₂CO₃. Samples were incubated at 50°C for 10 min, cooled, and absorbance read at 765 nm with a UV spectrophotometer.
· Free proline: determined according to Irigoyen et al. (1992). A 50 mg sample of dried plant tissue was homogenized in 10 mL of 3% sulfosalicylic acid and centrifuged at 4000 rpm. Then, 2 mL of the supernatant was combined with 2 mL of acidic ninhydrin reagent and 2 mL of glacial acetic acid. The mixture was incubated at 100°C for 1 hour. After rapid cooling in an ice bath, 5 mL of toluene was added, and the chromophore-containing toluene layer was separated. The absorbance of the toluene layer was measured at 520 nm using toluene as a blank.
· Peroxidase (POD) activity: was measured by combining 1.5 mL of 0.1 M phosphate buffer (pH 6.0), 20 µL of pyrogallol solution, 500 µL of enzyme extract, and 20 µL of hydrogen peroxide (H₂O₂) in a cuvette. Absorbance was monitored at 420 nm, and changes were recorded every 20 seconds for a linear response. The POD activity was expressed as the rate of absorbance change per 20 seconds per mL of enzyme extract, as described by Maehly (1954) 
· Polyphenol oxidase (PPO) Activity:to estimate  polyphenol oxidase (PPO) activity, 100 mg of fresh leaf tissue were ground in 6 mL of cold 0.1 M phosphate buffer (pH 7.0) utilizing sterilized sand. The homogenate was filtered and centrifuged at 3000 rpm for 15 minutes at 4°C. The supernatant served as the enzyme source. To measure PPO activity, 2 mL of enzyme extract was mixed with 3 mL of distilled water in a cuvette. At 490 nm, the baseline absorbance was set to zero. The reaction was then started by thoroughly mixing in 1 mL of catechol solution (0.4 mg/mL). At 490 nm, the increase in absorbance per minute (ΔA/min) was measured. Blanks were heat-inactivated extracts served as the foundation for the approach (Sadasivam and Manickam, 2007).
2- Soil Analysis parameters 
· Dehydrogenase activity (DHA): Measured in rhizosphere soil samples following Casida (1964).
·  Indole acetic acid (IAA) in soil determined according to (Gordon and Weber, 1950).
Statistical Analysis 
The experimental data obtained were subjected to analysis of variance (ANOVA) and Co-State software (CoStat V. 2005). Mean comparisons among treatments were performed using Tukey’s Honestly Significant Difference (HSD) test) at P ≤ 0.05, as described by Gomez and Gomez (1984). Standard deviations (SD) were calculated and presented alongside the meanas 
Results 
1-Plant Analysis:
Shoot charactreistics: 
Data shown in Table (3) clearly indicates the effect of various microbial inoculants on number of leaves per meter, leaf surface area and total chlorophyll content over two successive growing seasons. During the first growing season (2024), moderate differences were observed among treatments regarding the number of leaves per meter. B. velezensis showed the highest value and was statistically similar to the control, while B. cereus, Trichoromus sp., and mycorrhizal inoculation showed slightly lower but nearly equal values, suggesting a less significant response in leaf emergence. However, leaf surface area responded significantly to microbial inoculation even during the first growing season, where mycorrhiza and Trichoromus sp. significantly increased leaf growth compared with the control, while bacterial inoculants showed intermediate values. During the second growing season (2025), differences among treatments became more significant, where B. velezensis significantly increased the number of leaves per meter, suggesting improved vegetative performance. However, mycorrhiza and Trichoromus sp. again showed superiority in leaf surface area, suggesting their significant role in leaf growth. Based on the Tukey’s HSD test at the 0.05 probability level, most microbial inoculants showed values significantly higher than or statistically equal to the control. The improvements in vegetative growth can be attributed to the combined effects of microbial inoculation, which influenced nutrient mobilization, phytohormone production, root system development, and photosynthesis. The effect of different microbial inoculants on the total chlorophyll content in olive leaves over a period of two successive years. In the first year, moderate differences were observed among treatments, although not all differences were statistically significant according to Tukey’s HSD (2024), reflecting that microbial treatments had variable effects on total chlorophyll content compared to the control.However, in the second year, microbial treatments revealed an obvious increase in total chlorophyll content compared to the control. Mycorrhiza (5.07 mgg-1) followed by B. cereus (5.34 mgg-1) had the highest content of chlorophyll, followed by Trichorums sp. (4.48 mgg-1) and B. velezensis (4.13 mgg-1) compared to other microbial treatments. These values were significantly higher or similar to the control, using Tukey’s HSD at 0.05. The increase in total content of chlorophyll in the second year may be related to the cumulative effect of microbial inoculation, which results in better availability of nutrients, such as nitrogen and magnesium, root development, photosynthesis, and overall plant performance.
Table. (3)  Effect of microbial inoculation on shoots characteristics on 2023 and 2024 seasons.
	              Characters
Treatments 
	No. of leaves meter-1
	Leaf surface area (cm2)
	Total chlorophyll (mgg-1)

	
	 2024
	2025
	2024
	 2024
	2025
	2024

	Control
	63.27 ± 1.2 a
	59.13 ± 1.1 e
	2.83 ± 0.12 d
	2.89 ± 0.14 c
	2.98±0.6c
	3.65±0.5d

	B. velezensis  
	63.53 ± 1.1 a
	68.99 ± 1.3 a
	3.10 ± 0.10 c
	3.30 ± 0.09 b
	3.89±0.3a
	4.13±0.4c

	B. cereus  
	59.57 ± 1.2 b
	60.38 ± 1.1 b
	3.30 ± 0.14 b
	3.33 ± 0.13 b
	3.75±0.8ab
	5.34±0.7a

	Trichorums sp.
	60.13 ± 1.1 b
	59.45 ± 1.2 c
	3.62 ± 0.13 ab
	3.47 ± 0.11 ab
	3.33±0.6bc
	4.48±0.5b

	Microhyza
	59.78 ± 1.2 b
	59.78 ± 1.1 bc
	3.86 ± 0.14 a
	3.56 ± 0.15 a
	4.00±0.5a
	5.07±0.7a

	HSD(0.05)
	1.53
	1.27
	0.14
	1.5
	1.3
	0.14


Data are presented as mean ± standard deviation (SD). Means followed by the same letter are not significantly different according to Tukey’s HSD test at p ≤ 0.05.

Flowering characteristics: 
Table (4) clearly shows the effect of microbial inoculation on inflorescence parameters such as inflorescence length, number of flowers per inflorescence, perfect flower percentage, and density of flowers per meter in the 2024 and 2025 seasons. In the first season (2024), mycorrhizal inoculation showed the maximum inflorescence length (3.17 cm) and maximum number of flowers per inflorescence (28.00), followed by Trichorums sp. and bacterial inoculations, while the control showed the lowest values. Similar results were obtained for perfect flower percentage and density of flowers per meter, where mycorrhiza showed the maximum values, indicating maximum reproductive efficiency. In the second season (2025), the differences between treatments were more prominent, where B. velezensis and B. cereus significantly increased inflorescence length, while mycorrhiza showed superiority in terms of flower number, perfect flower percentage, and density of flowers per meter. Trichorums sp. also significantly increased the density of flowers compared to the control, although the effects were moderate on flower number. Using Tukey’s HSD test (P ≤ 0.05), most microbial treatments significantly outperformed or were comparable to the control across the studied parameters. The improvement in flowering traits can be attributed to better nutrient uptake, hormonal balance, and enhanced photosynthetic assimilate supply due to microbial activity. The enhancement in flowering traits can be attributed to better nutrient uptake, hormonal balance, and enhanced photosynthetic assimilate supply due to microbial activity. After the noticed improvements in the flowering traits, the positive impact of microbial inoculation was also manifested in the physical properties of the fruits, such as fruit weight, length, and width, as shown in Table (5). During the 2024 season, the highest fruit weight was recorded in B. cereus and Trichorums sp. treatments, while the lowest values were found in the control and mycorrhiza. Fruit length did not show significant differences among treatments during this season, suggesting that treatments had less effect on this parameter at the early stage of fruit growth. However, fruit width showed more distinct differences, where bacterial and fungal treatments tended to maintain higher or equal values compared to the control. During the 2025 season, B. velezensis and B. cereus significantly increased fruit weight compared with other treatments, suggesting better assimilation accumulation and fruit filling. Although fruit length remained relatively unchanged among treatments, Trichorums sp. maintained the highest value, while B. velezensis showed a slight decrease. With respect to fruit width, B. velezensis produced the largest value, while mycorrhiza and control treatments recorded the lowest values. According to Tukey’s HSD test 
(P ≤ 0.05), several differences among treatments were statistically significant. The enhancement of fruit traits can be attributed to improved nutrient uptake, increased photosynthetic assimilate, and hormonal regulation brought about by microbial inoculation, which contributed to improved fruit development and size.
	             Characters
Treatments 
	Inflorescence length (cm)
	No of flowers  inflorescence-1
	Perfect flowers % 
	Flowering density meter-1 

	
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025

	Control
	2.33 ± 0.05 c
	2.50 ± 0.03 b
	18.67 ± 0.32 d
	20.00 ± 0.41c
	 89.63± 1.23 b
	83.27± 1.59c
	9.03 ± 0.12 e
	14.63± 0.11 e

	B. velezensis  
	2.40 ± 0.05 c
	2.90 ± 0.05 a
	25.33 ± 0.35 b
	22.00 ± 0.4 c
	71.78 ± 1.15d
	88.08.± 1.10 b
	15.85 ± 0.24 c
	25.94 ± 0.31 b

	B. cereus  
	2.80 ± 0.04 ab
	2.97 ± 0.04 a
	22.00 ± 0.38 c
	24.67 ± 0.38 b
	76.41± 0.89c
	83.44 ± 1.00 c
	12.03 ± 0.18 d
	15.69 ± 0.09 d

	Trichorums sp.
	2.73 ± 0.03 b
	2.33 ± 0.03 b
	22.00 ± 0.35 c
	28.67 ± 0.35a 
	 91.53± 0.78ab
	89.26 ± 1.02 b
	39.33 ± 0.32 b
	22.15 ± 0.21 c

	Microhyza
	3.18 ± 0.05 a
	2.83 ± 0.05 a
	28.00 ± 0.28 a
	29.33 ± 0.46 a
	95.13 ± 1.11 a
	92.06 ± 1.19 a
	52.78 ± 0.42 a
	27.23 ± 0.30 a

	HSD.(0.05)
	0.25
	0.45
	0.46
	1.71
	1.59
	0.32
	0.31
	0.28


 Table. (4)  Effect of microbial inoculation of Length of inflorescence (cm), flower number per inflorescence , perfect flower percentage and flowering density per meters during 2024 and 2025 seasons. 
Data are presented as mean ± standard deviation (SD). Means followed by the same letter are not significantly different according to Tukey’s HSD test at p ≤ 0.05.

	 Characters
Treatments 
	Fruit weight (g)
	Fruit length (cm)
	Fruit width (cm)

	
	2024
	2025
	2024
	2025
	2024
	2025

	Control
	3.51 ± 0.05 b
	3.53 ± 0.06 b
	2.50 ± 0.09 a
	2.48 ± 0.11 a
	1.58 ± 0.02 a
	1.47 ± 0.01bc

	B. velezensis  
	3.54 ± 0.05 ab
	3.63 ± 0.06 a
	2.50 ± 0.09 a
	2.34 ± 0.11 b
	1.59 ± 0.01 a
	1.62 ± 0.03 a

	B. cereus  
	3.61 ± 0.05 a
	3.66 ± 0.06 a
	2.56 ± 0.09 a
	2.46 ± 0.11 a
	1.52 ± 0.03 b
	1.48 ± 0.02 bc

	Trichorums sp.
	3.62 ± 0.05 a
	3.54 ± 0.06 b
	2.56 ± 0.09 a
	2.56 ± 0.11 a
	1.54 ± 0.02 b
	1.52 ± 0.03 b

	Microhyza
	3.52 ± 0.05 b
	3.45 ± 0.06 c
	2.48 ± 0.09 a
	2.45 ± 0.11 ab
	1.48 ± 0.02 c
	1.46 ± 0.03 c

	HSD(0.05)
	0.05
	0.07
	0.10
	0.11
	0.02
	0.03


Table (5) Effect of microbial inoculation of fruit weight ( g) , Fruit length (cm) and fruit width(cm) during 2024 and 2025 seasons.
Data are presented as mean ± standard deviation (SD). Means followed by the same letter are not significantly different according to Tukey’s HSD test at p ≤ 0.05.

Table (6) was recorded data for total phenolic contents, free proline concentration, peroxidase enzyme activity, and polyphenol oxidase enzyme activity. These are pointers for the defense mechanism of the plant against abiotic stress. Note that the total phenolic contents had no significant differences between treatments in both seasons, since values fell into the same category. In the first season, total phenols varied between 29.46 and 34.45 mgg¹, from mycorrhiza-treated plants to control plants, respectively. In the second season, the total phenolic content decreased in all treatments from 26.64 to 28.51 mgg¹. However, the reduction of total phenolic compounds from the first to the second season indicates a gradual physiological adaptation of the olive trees to the conditions of salinity stress. free proline content showed a significant response to microbial inoculation, especially during the second season.During the first season, there were no significant differences in proline content among the treatments, which varied from 8.66 mg g⁻¹ to 10.38 mg g⁻¹. But during the second season, the control treatment accumulated significantly higher proline (11.82 mg g⁻¹) than the microbial treatments, which showed significantly lower values of proline content, i.e., 7.23 mg g⁻¹ in mycorrhiza and 7.60 mg g⁻¹ in Trichorumus sp. This significantly lower proline accumulation in the microbial-treated plants reflects the effective mitigation of osmotic stress and better water and ionic balances in the hypertonic environment. Peroxidase did not display prominent inter-treatment variability in either season, in the first season, values varied between 0.11 and 0.14 units per gram, whereas in the second season, it varied between 0.06 and 0.16 units per gram. Although it is non-significant, microbial treatments demonstrated reduced POD activity as compared to control. Its trend indicated that microbial inoculation helped in alleviating oxidative stress by suppressing the formation of reactive oxygen species, reducing the need for high antioxidant levels. Polyphenol oxidase activity showed clear and significant differences among treatments, especially during the second season.Control plants exhibited the highest PPO activity, increasing from 0.098 U g⁻¹ in the first season to 0.14 U g⁻¹ in the second season. In contrast, microbial treatments significantly reduced PPO activity, with values declining to 0.033–0.049 U g⁻¹ during the second season. The substantial reduction in PPO activity in inoculated plants reflects decreased oxidative damage and improved cellular stability under salinity stress.
 Table (6).Total phenol, Free proline Contents, Peroxidase (POD) and Polyphenol oxidase (PPO) activity on olive leaves during 2024 and 2025  seasons.
	             Characters
Treatments 
	Total phenol (mgg-1)
	Free Proline(mgg-1)
	POD (Ug−1)
	PPO (Ug−1)

	
	2024
	2025
	2024
	2025
	2024
	2025
	2024
	2025

	Control
	34.45±3a
	28.51±1a
	10.38±0.8a
	11.82±0.9a
	0.14±0.05a
	0.16±0.04a
	0.098±0.02a
	0.14±0.01a

	B. velezensis  
	32.44±3a
	27.25±4a
	9.71±0.7a
	8.39±0.7b
	0.11±0.01a
	0.06±0.01a
	0.059±0.03b
	0.046±0.0b

	B. cereus  
	32.31±2a
	27.23±5a
	9.28±0.8a
	8.67±0.6b
	0.11±0.02a
	0.07±0.01a
	0.071±0.01b
	0.033±0.0b

	Trichorums sp.
	33.64±2a
	27.95±1a
	9.14±0.7a
	7.60±0.4b
	0.13±0.01a
	0.06±0.03a
	0.043±0.01b
	0.037±0.01b

	Microhyza
	29.46±1a
	26.64±3a
	8.66±0.7a
	7.23±0.1b
	0.11±0.03a
	0.06±0.02a
	0.060±0.01b
	0.049±0.1b

	H.SD (0.05)
	4.4
	6.1
	1.53
	1.20
	0.05
	0.10
	0.04
	0.02


Data are presented as mean ± standard deviation (SD).Means followed by the same letter are not significantly different according to Tukey’s HSD test at p ≤ 0.05.
Consistent with the observed improvements in vegetative growth, table (7) represented the flowering habits, and fruit qualities, microbial inoculation had a significant effect on the yield per tree and oil percentage as shown  in the first season growing season, mycorrhizal inoculation had the highest yield (24.37 kg tree⁻¹), followed by Trichorums sp. treatment, while the bacterial treatments had moderate increments compared to the control, which had the lowest yield. In the second season, mycorrhiza again proved to be superior (24.50 kg tree⁻¹), indicating a consistent positive effect on productivity, while Trichorums sp. was second and the bacterial treatments had intermediate responses. With respect to oil percentage, all microbial treatments showed significant increases in oil percentage compared to the control. Mycorrhiza and Trichorums sp showed the highest oil accumulation, especially in second season, indicating increased assimilate partitioning and lipid synthesis. B. cereus also showed a significant increase in oil percentage, while B. velezensis showed moderate increase. According to  Tukey’s HSD test (P ≤ 0.05), most microbial treatments significantly outperformed the control in terms of both yield and oil percentage. These increases can be attributed to the cumulative effects of microbial inoculation on assimilate acquisition, photosynthesis, flowering success, and fruit development, which contributed to increased assimilate production and allocation for yield and oil accumulation.
	               Characters
Treatments
	Yield (kg tree-1)
	Oil (%)

	
	2024
	2025
	2024
	2025

	Control
	18.93 ± 0.21 d
	18.80 ± 0.21 e
	36.59 ± 0.64 d
	40.20 ± 0.51 c

	B. velezensis
	20.38 ± 0.19 c
	19.05 ± 0.18 d
	39.33 ± 0.53 c
	39.30 ± 0.43 d

	B. cereus
	20.58 ± 0.23 c
	19.83 ± 0.22 c
	42.07 ± 0.44 b
	42.25 ± 0.54 b

	Trichorums sp.
	22.80 ± 0.18 b
	21.10 ± 0.21 b
	43.58 ± 0.51 b
	46.50 ± 0.65 a

	Microhyza
	24.37 ± 0.22 a
	24.50 ± 0.17 a
	45.77 ± 0.62 a
	46.71 ± 0.61 a

	HSD (0.05)
	0.22
	0.21
	0.64
	0.61


Table (7).  Effect of microbial inoculation of Yield (Kg/Tree), oil percentage as dry weight during 2024 and 2025.
Data are presented as mean ± standard deviation (SD). Means followed by the same letter are not significantly different according to Tukey’s HSD test at p ≤ 0.05.
Soil Analysis
Table (7) reported the effect of varying microbial inoculants on soil dehydrogenase activity (DHA) and indole-3-acetic acid (IAA) content in both successive seasons. From the analysis of soil DHA, there was a significant difference among the treatments in both seasons. In the first season, Mycorrhiza (2.40 mg TPFg-1soil day-1), Trichormus sp. (2.19 mg TPFg-1soil day-1), and B. cereus (2.07 mg TPFg-1soil day-1) recorded higher values of DHA compared to the control, but there was no significant difference among the treatments, indicating increased activity of microorganisms in the soil.In the second season, the higher values of DHA were recorded by Mycorrhiza (3.07 mg TPFg-1soil day-1) and Trichormus sp. (2.84 mg TPFg-1soil day-1), indicating the accumulative effect of using microorganisms in the soil. The augmentation in DHA Activity indicates greater microbial action in the soil as it relates to respiration and enzyme turnover.For IAA content, it was noticed that all treatments of microorganisms significantly increased the values of IAA compared to the control in both seasons. In the first season, the highest values of IAA production were recorded by Trichormus sp. (6.9 mg g soil-1), Mycorrhiza (6.8 mg g soil-1), and 
B. cereus (6.52 mg TPFg-1soil day-1), but there was no significant difference among the treatments. In the second season, the highest values of IAA content were recorded by B. cereus (8.83 mg g soil-1) and B. velezensis (5.85 mg g soil-1), showing the potential of microorganisms in producing growth-promoting hormones in plants. Simultaneously, higher IAA concentrations due to microbial treatments might contribute to improved plant growth and physiological variables as IAA is a significant factor in root and nutrient uptake. 
	               Characters
Treatments
	DHA (mg TPFg-1drysoil day-1)
	IAA (mg g soil-1)

	
	2024
	2025
	2024
	2025

	Control
	1.10±0.3b
	1.39±0.2b
	2.95±0.6c
	3.86±0.4d

	B. velezensis
	1.40±0.4b
	1.91±0.3b
	4.97±0.3b
	5.85±0.6c

	B. cereus
	2.07±0.4a
	2.58±0.2a
	6.52±1.47a
	8.83±0.3a

	Trichorums sp.
	2.19±0.1a
	2.84±0.3a
	6.9±0.6a
	7.86±0.46a

	Microhyza
	2.40±0.1 a
	3.07±0.4a
	6.8±0.7a
	6.98±0.7b

	HSD (0.05)
	0.58
	0.64
	1.54
	1.10


Table(8). Dehydrogenase activity and IAA in rhizosphere soil of olive trees during two seasons.
Data are presented as mean ± standard deviation (SD). Means followed by the same letter are not significantly different according to Tukey’s HSD test at p ≤ 0.05.

Comparative visualization of treatment effects across seasons
For an integrated view of treatment performance on all parameters measured, a circular heatmap was made (Fig. 1). The heatmap depicts the relative variation of all parameters measured for different treatments using a green-orange color scale, where green indicates higher values and orange indicates relatively lower values. Each concentric circle in the heatmap represents a treatment, and each radial section represents an evaluated trait for both seasons.Analysis of the data obtained indicates a significant positive effect of microbial inoculation on plant growth compared to the control. Microhiza performed best overall for most vegetative, reproductive, and biochemical parameters, especially chlorophyll content, flower production, yield, oil percentage, and soil biological activity measures (DHA and IAA). Trichorumus sp. also performed well for most reproductive parameters and oil accumulation. Bacterial treatments (B. velezensis and B. cereus) improved most physiological and yield-related parameters compared to the control, thus confirming their ability to increase nutrient availability and plant growth regulation. However, the control treatment showed lower values for most parameters. Seasonal variation was also noted, where the 2025 season showed a slight increase in most physiological, productivity, and soil enzymatic parameters, thus indicating improved plant-microbe interactions over time. In general, the heatmap offers a comprehensive representation of the data, emphasizing the superiority of microbial treatments, especially Microhiza and Trichorumus sp., in improving plant growth, productivity, and soil biological activity. Moreover, the circular heatmap highlights the seasonal consistency in treatment responses, where most microbial treatments retained their superiority over the control treatment despite small seasonal variations. The heatmap further emphasizes that the improvements were not limited to a single parameter but were achieved simultaneously for vegetative growth, reproductive performance, and biochemical properties. This integrated improvement indicates the complementary function of microbial inoculation in enhancing nutrient assimilation, physiological efficiency, and metabolic processes. In addition, the soil biological parameters (DHA and IAA) demonstrated significant increments in microbial treatments, indicating the improvement in microbial activity and rhizosphere processes. Cumulatively, these results not only establish the significant and positive effects of microbial inoculation on plant growth, productivity, and soil microbial activity, but also form a solid foundation for the interpretation of the physiological and microbial mechanisms that follow in the next section.












Fig(1). Heatmap illustrating the response of growth, yield, biochemical, and soil biological traits to different microbial treatments during the 2024 and 2025 seasons.
Discussion
points out the positive and cumulative effect of microbial inoculation on the photosynthetic potential of the olive trees. The enhancement in leaf number and leaf surface area that was noticed under microbial inoculation is in accordance with the observed increase in total chlorophyll content, which indicates a good coordination between the development of structural canopy and photosynthesis. The significantly higher improvement in chlorophyll content in the second season than in the first indicates that long-term microbial inoculation accelerates soil biological activity, as well as below-ground interactions between roots and microorganisms, toward long-term improvement in plant physiological performance. In the first year (2024), the lack of significant difference among the treatments indicates that the application of microbial inoculants has not influenced chlorophyll biosynthesis. It has been observed that perennial woody plants take time to allow the microbial colonization of the rhizosphere to take place and function optimally (Rouphael and Colla 2020).Top of FormOn the other hand, the second season(2025) revealed an obvious increase in total chlorophyll in treated plants using microorganisms as compared to the control treatment. The highest amount of chlorophyll was recorded in mycorrhiza and B. cereus treatments. This increase can be linked to the ability of beneficial microorganisms to increase the availability of nutrients such as nitrogen and magnesium, a critical ingredient of chlorophyll. This is according to Jaiswal et al. (2021). Microbial inoculation caused a substantial improvement in vegetative growth by increasing leaf number, leaf surface area, and chlorophyll content, suggesting a collective improvement in morphological and biochemical parameters. The large hyphal network of arbuscular mycorrhizal fungi might have contributed to better nutrient and water uptake, which in turn led to the development of larger photosynetically active leaves and increased chlorophyll production (Bizos et al., 2020; Lv et al., 2024). Similarly, B. velezensis might have contributed to the development of plants by stimulating phytohormone production and nutrient solubilization, which in turn led to increased leaf development and chlorophyll content (Francioli et al., 2025). Trichorumus sp. have been reported to increase root development and nutrient uptake, which is consistent with the observed increase in leaf development and photosynthetic activity (Reis et al., 2022). Although B. cereus showed a relatively moderate effect, its contribution to rhizosphere activity and nutrient mobilization might have helped in overall plant development. The collective effect of these microbes suggests that improved nutrient uptake and physiological efficiency are responsible for the observed increase in both morphological and biochemical parameters(Basu et al., 2021).On the same note, an increase in chlorophyll due to microbial treatment was supported by a study conducted by Mishra et al. (2023), who revealed the effectiveness of microbial treatment in boosting the intake of nutrients and root development. Arbuscular mycorrhizal fungi can increase phosphorus solubilization and help in the absorption of micronutrients, indirectly contributing to the stabilization and efficiency of chlorophyll and chloroplast functions during stressed conditions (Peng et al., 2024), The increased levels of chlorophyll found in mycorrhiza-treated olive trees correlate with previous data that shows increased chloroplast development and prevention of chlorophyll degradation due to the arbuscular mycorrhizal association, particularly during salinity stress conditions (Ali, 2023). In addition, plant growth-promoting Rhizobacteria (PGPR), including B. velezensis and B. cereus, have long been recognized to produce phytohormones like indole-3-acetic acid and cytokinins, thereby inducing an increased expansion of leaves, development of chloroplasts, and photosynthetic function (Wang et al., 2023). Cytokinins specifically regulate maintaining higher chlorophyll content, hence the increased content recorded in the second season (Kisvarga et al., 2022). Ashmawi et al., (2022) reported that the presence of cyanobacteria increased chlorophyll content in plant leaves. 
 In this study the microbial inoculation not only improved vegetative and reproductive parameters but also led to important advancements in fruit quality and productivity. Fruit physical parameters, such as fruit weight, length, and width, were positively affected by beneficial microbes, especially B. cereus and  Trichorumus sp., which may have triggered assimilate partitioning and nutrient mobilization during fruit growth (Sharma et al., 2020 and   Chen et al., 2023). These improvements in fruit parameters were reflected in yield parameters as well, where  Trichorumus sp  and mycorrhizal inoculation significantly increased per-tree yield compared to the control, indicating improved assimilate production and source-sink relations. In addition, oil percentage was higher in microbial treatments compared to the control, suggesting improved lipid metabolism and efficiency (Bizos et al., 2020;). These observations can be attributed to the increased nutrient uptake, especially nitrogen and magnesium, along with the microbial-induced stimulation of photosynthetic apparatus. This result is in line with recent studies on perennial crops where repeated microbial application caused progressive but significant enhancement in photosynthetic traits and stress tolerance (Shahwar et al., 2023). Mycorrhizal treatment elevates olive oil content through enhanced nutrient uptake. The foundational principle posits that optimal availability of macro- and micronutrients is essential for the multifaceted biochemical cascades underpinning oil biosynthesis in olive drupes. Phosphorus, notably, facilitates adenosine triphosphate (ATP)-mediated energy transduction and phospholipid biosynthesis—integral constituents of cellular membranes that indirectly contribute to fatty acid elaboration. Nitrogen constitutes a primary element of proteins and enzymes that catalyze pivotal reactions within oil synthesis pathways. Potassium functions in enzyme activation, osmotic regulation, and translocation of saccharides to the fruit, which serve as precursors for lipid synthesis. Calcium and magnesium serve as cofactors in diverse enzymatic reactions. Consequently, although not exhaustively delineated for each nutrient in the referenced context, the augmentation of nutrient acquisition by arbuscular mycorrhizal fungi (AMF) directly fortifies the metabolic apparatus requisite for efficacious oil accumulation and the generation of a superior oil compositional profile in olive fruits (Chenchouni et al., 2020).
Total phenolic compounds, being the non-enzymatic antioxidant pool, are usually triggered under stress conditions as part of the phenylpropanoid stress response pathway. But microbial inoculation is known to affect the pathway by enhancing the overall health and bioavailability of the plant, treatment triggering reduced phenolic compound induction despite the stress (Jmaili et al., 2025). Plant Growth-Promoting Bacteria (PGPB) have been found to offer an effect on the phenolic pathways by influencing the regulation of plant hormones and triggering the stress responses to result in increased phenolic compound synthesis only in cases where stress responses are required (Jakubowska et al., 2025).One of the well-documented physiological responses in salinity-stressed plants is the accumulation of proline in its free form as an Osmo protective mechanism to protect cellular bodies from ion toxicity (Al-Maskari and Yaish, 2025). In this study, it is noticeable that there is an increase in proline levels in non-inoculated plant samples as opposed to those inoculated with  different microbal biofertilizers. This confirms that when microbes are inoculated, osmotic damage is diminished, thereby lessening proline production in plant tissues. This is in line with recent studies that found proline application or enhanced plant tolerance to abiotic stress through microbial inoculation is linked to improved plant growth and diminished oxidative damage (Zulfiqar et al., 2023). The results of the current study were consistent with those of Ghazal et al. (2025), who concluded that the presence of PGPB microbes increases defense systems compounds and reduces oxidative enzymes activities. Peroxidase (POD) and polyphenol oxidase (PPO) Activities related to oxidative phenolic metabolism and oxidative stress-induced browning reactions in plant tissue, was significantly different in the inoculated treatment compared to the controls, in the second year of plant growth, an indicator of oxidative stress, an enzyme responsible for an oxidative stress reaction in plant tissues, was non-significantly different in various treatments, although there was a trend of lower activity in the microbial treatment plants. This indicates that in microbial treatment, there was a decrease in the generation of reactive oxygen species to reduce the demand for high levels of POD activity for an oxidative response/defense mechanism in plants against oxidative stresses applied to them (Abdelaziz et al., 2022). Top of Form
The outcomes have shown that microbial inoculants exhibit notable potential within the regulation of biological and phytohormone turnover within the soil, and it becomes accentuated within the second season, as it shows the cumulative effect that microbial treatment can attain within a perennials cropping system, and these outcomes were compared with  Salem   et al.(2023), who found that the effect of microbial bio-fertilizers heightened microbial activities within the soil as well as phytohormones like IAA. It is also well established that dehydrogenase activity is a reliable index for overall microbial activity in the rhizosphere and, thus, for soil biological health. In the present work, microbial inoculation resulted in a significantly higher dehydrogenase activity than in the control treatments, illustrating the increased metabolic and enzymatic functioning of microorganisms in the soil. The increased dehydrogenase activity indicates the successful establishment and persistence of the beneficial microorganisms that enhance organic matter turnover and nutrient cycling, with consequent benefits to improved root-soil interactions and plant nutrient availability(Pedrinho et al., 2024).The higher dehydrogenase activity in the second season points toward a cumulative effect of microbial inoculation, since successive applications lead to more permanent microbial communities, and enzymatic activities in the rhizosphere continue throughout. This enhancement is particularly important under salinity stress, where soil biological processes are often suppressed. Microbial inoculants have been shown to mitigate negative salinity impacts on soil enzymes through various mechanisms such as improved structure and reduced ionic toxicity, thus maintaining enzymatic efficiency  (Han et al., 2023). Indole compounds, especially indole-3-acetic acid (IAA), serve as the most important plant growth regulator molecules due to their cell elongation and root development promotion activity. In the present study, the indole content increased with microbial inoculation compared to the control, confirming the production of auxin-like substances by plant growth-promoting microorganisms. Increased indole levels enhanced root architecture, and increased water and nutrient uptake under stress conditions were shown by Wahab et al. (2025). Moreover, the positive interaction between increased dehydrogenase activity and the production of indoles reflected increased microbial activities of the rhizosphere and improved hormonal balance. This synergistic effect explained improved vegetative growth and increased stress tolerance of the olive trees subjected to inoculation, as reported by Carillo et al. (2024). 
Conclusion 
In general, the results obtained showed a remarkable positive effect of microbial inoculation on olive tree performance at both vegetative and reproductive phases. The improvement in leaf number, leaf area, and chlorophyll content reflected a better photosynthetic ability and canopy development, which formed a sounder physiological basis for reproductive growth. This was manifested by the significant improvement in inflorescence parameters, such as inflorescence length, number of flowers, percentage of perfect flowers, and flowering density, indicating better floral initiation and reproductive efficiency. Consequently, the better flowering habit was reflected in improved fruit physical properties, namely fruit weight and size, indicating better assimilation accumulation and fruit filling. These cumulative effects finally led to an increase in yield per tree and oil percentage, especially in mycorrhizal and Trichorumus sp.-inoculated treatments, indicating the efficacy of microbial inoculation in improving assimilation production and partitioning to economically important traits. Taken together, the cumulative effects of improved nutrient uptake, hormonal balance, root growth, and photosynthesis achieved through microbial inoculation can account for the progressive improvement from vegetative growth to final productivity and oil quality.
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