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The basil, a widely cultivated aromatic plant, plays a crucial role in various industries but relies heavily on synthetic fertilizers, which contribute to environmental pollution. Plant growth-promoting bacteria (PGPB) offer a sustainable alternative to reduce reliance on synthetic fertilizers. In this study, three PGPB consortia and one single-strain inoculant were evaluated under reduced nitrogen and phosphorus fertilization to assess their effects on biomass production, photosynthetic efficiency, and nutritional quality. The results showed that consortium comprising Herbaspirillum sp., Azospirillum brasilense, and Rhizobium leguminosarum, as well as the consortium with Rhizobium sp. and Azotobacter chroococcum, significantly increased fresh biomass production–by over than 130%–compared to non-inoculated plants. Similarly, inoculation with 50% fertilization increased nitrogen and potassium uptake by over 50% compared to receiving the complete recommended fertilization without inoculation, while phosphorus uptake increased by more than 28% relative to the same control. These findings indicate that PGPB consortia offer not only an environmentally sustainable alternative to conventional fertilizers but also an effective strategy for enhancing biomass production and improving nutrient uptake in basil crops.
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1 Introduction

Basil (Ocimum basilicum L. var. Nufar) is one of the most widely used aromatic plants and serves as a promising crop due to its significance in the culinary, pharmaceutical, and cosmetic industries (Carović-Stanko et al., 2010; Alhasan et al., 2020). The primary products of basil crops are dried leaves, flowers, and essential oils. Factors such as geographical origin, environmental conditions, developmental stage, soil type, and nutrition influence the chemotype of the basil plant. Selecting appropriate fertilization strategies for basil is essential for determining the quality and quantity of bioactive compounds (Makri and Kintzios, 2008; Burducea et al., 2018; Palermo et al., 2024). However, current agricultural production relies heavily on the excessive inputs of synthetic chemical nitrogen (N) and phosphorus (P) fertilizers. This overreliance contributes to soil degradation and environmental pollution, negatively impacting both environmental and economic sustainability (Nayana et al., 2024).

The availability of essential nutrients, particularly N and P, plays a critical role in plant physiology. Nitrogen is a key component of biomolecules necessary for plant development and biochemical processes. It is a determinant of light-harvesting and carbon reduction proteins, positively correlated with photosynthetic rate and performance (Mu and Chen, 2021). Conversely, P availability profoundly affects various aspects of plant photosynthetic physiology, including membrane fluidity, the generation of nicotinamide adenine dinucleotide phosphate (NADPH), and the synthesis of adenosine triphosphate (ATP) (Yan et al., 2023). Together, N and P supplies modulate light energy absorption, energy transfer, and carbon assimilation during the Calvin cycle, influencing overall plant growth and productivity (Chen et al., 2024; Ru et al., 2024).

In addition to nutrient availability, the development of plants can also be influenced by the microbial community present in the soil. Plant growth-promoting bacteria (PGPB), for instance, play a vital role in enhancing nutrient acquisition, thus optimizing the fertilizers applied. The inoculation of PGPB has become an eco-friendly strategy to mitigate the negative impact of excessive fertilization, without compromising plant production or marketability. These beneficial microorganisms colonize the root systems, fix N symbiotically and associatively (Pankievicz et al., 2019), and solubilize and mineralize nutrients such as P, potassium (K), and zinc (Alori et al., 2017). Moreover, these microorganisms can also synthesize phytohormones like auxins (3-indole acetic acid, IAA) and modulate ethylene levels (ACC deaminase), which promote root development, improve nutrient acquisition, and stimulate osmotic adjustment under stress conditions (Gupta and Pandey, 2019; Duca et al., 2014). In this respect, the combined application of PGPB and appropriate fertilization strategies can therefore maximize plant productivity while promoting sustainable agricultural practices that benefit both the environment and basil crop yield.

Our previous studies have demonstrated that single-strain inoculation and consortia of species such as Azotobacter chroococcum, Azospirillum brasilense, Herbaspirillum sp., Rhizobium sp., and Rhizobium leguminosarum effectively reduce N inputs in crops like cotton (Romero-Perdomo et al., 2017) and forage (Pardo-Díaz et al., 2021), and enhance P fertilization efficiency in crops such as maize (Beltran-Medina et al., 2023) and kikuyu grass (Torres-Cuesta et al., 2023). These studies highlight the potential of PGPB consortia as a promising strategy for improving agricultural efficiency, sustainability, and quality. Accordingly, this study aims to evaluate the effects of bacterial consortia and single-strain inoculation on reducing N and P fertilizer inputs in basil cultivation, as well as their impact on biomass production, plant development, physiological responses, and nutrient uptake.




2 Materials and methods



2.1 Bacterial strains and inoculants

The bacterial strains used in this study included Rhizobium sp. B02 (SAMN16969919), a consortium of Azotobacter chroococcum AC1 (B12351) and AC10 (B119352), another consortium comprising Herbaspirillum sp. AP21 (SAMN15498633), Rhizobium leguminosarum T88 (MT375980), and Azospirillum brasilense D7 (SAMN16830199); and a consortium of B02+AC1+AC10. All strains were provided by the Microorganism Germplasm Collection of AGROSAVIA, Colombia. For all experiments strains B02 and T88 were grown in YM culture medium (Barnet and Vincent, 1970). AC1 and AC10 were grown on MBR culture medium (Moreno et al., 2011) incubated at 30°C for 48 hours. AP21 and D7 were grown in DYGS culture medium (Baldani et al., 2014), incubated at 30°C, and agitated at 120 rpm for 48 hours. Viable cells were quantified by plate count method using the culture medium described for each strain.

Inoculation was carried out during sowing, and one week after seed emergence. The consortium were prepared by mixing equal proportions (1:1 v/v) of each bacterial strain prior to application, resulting in a final concentration of 1 × 108 CFU mL-¹ for each strain. Inoculation was performed by drenching, with 1 mL of inoculant applied per pot. To ensure consistency across all experimental conditions, the control treatments, which did not receive inoculation, were provided with the same volume of sterile distilled water.




2.2 Experimental design

The experiment was performed at the Nataima research center of Colombian Corporation for Agricultural Research (AGROSAVIA), in Tolima, Colombia (4°11’31.65” N, 74°57’41.49” W) at an altitude of 418 meters above sea level. It was conducted under semi-controlled conditions in a greenhouse (Figure 1), with a mean solar radiation of 36 Cal cm-² day-¹, a mean relative humidity of 76.8%, and a mean temperature of 28.9°C.

[image: Graph showing temperature, relative humidity, and radiation over 101 days. Temperature in red ranges from 20°C to 35°C, relative humidity in blue fluctuates between 40% and 80%, and radiation in grey bars varies from 0 to 250 cal/cm²/day.]
Figure 1 | Daily climatic parameters: radiation, relative humidity, and temperature at the C.I. Nataima research center of AGROSAVIA, in Tolima, Colombia. Days were counted since the sowing of the basil seeds.

A completely randomized 5x3 factorial experiment was conducted, comprising 15 treatments. The first experimental factor was PGPB inoculation, which included five levels: no inoculation, single-strain B02, consortium AC1+AC10, consortium B02+AC1+AC10, and consortium AP21+T88+D7. The second factor was N and P fertilization, applied at three rates: 0%, 50%, and 100% of recommended doses, using potassium nitrate and phosphoric acid as the respective N and P sources. Each treatment consisted of nine plants per experimental unit, with three different plants designated for measuring gas exchange and chlorophyll content. The experiment was independently repeated two times to ensure reliability of the results.




2.3 Greenhouse experiment

Basil seeds were sown into pots, containing 7 kg of nonsterile soil. The soil is classified as Inceptisol (Soil Science Division Staf, 2017) and exhibited the following physicochemical characteristics: pH (6.61), organic matter (6.20 g kg−1), effective coefficient for cationic exchange (3.17 cmol kg −1), P (61.69 mg kg−1), N (1.50 g kg−1), K (0.31 cmol kg−1), S (3.58 mg kg−1), Ca (2.18 cmol kg−1), Mg (0.63 cmol kg−1), and Fe (21.61 mg kg−1). Fertilization was carried out according to the fertilization recommendation for basil cultivation, which is based on the fertigation strategy in which soluble fertilizers are supplied every three days considering the nutritional requirements of the crop and the nutrient contents at soil level. For this case, the amounts of nutrients per production cycle indicated in Table 1 were used. Pots were irrigated at field capacity throughout the experiment.


Table 1 | Nutrition plan used for basil cultivation by production cycle.
	Macroelement
	Dose (g plant-1)
	Microelement
	Dose (mg plant-1)



	Nitrogen (N)
	4.63 *
	Iron (Fe)
	241.76


	Phosphorus (P)
	0.73*
	Copper (Cu)
	6.93


	Potassium (K)
	7.61
	Manganese (Mn)
	13.39


	Calcium (Ca)
	2.13
	Zinc (Zn)
	15.35


	Magnesium (Mg)
	1.15
	Boron (B)
	8.47


	Sulfur (S)
	0.46
	 
	 





*The doses of N and P were modified according to the treatments (0%, 50%, 100%).






2.4 Productive, physiological and nutritional parameters

The samples of productive and physiological parameters started 30 days after sowing (DAS), and every 15 days plants were sampled for 90 days, resulting in a total of 5 measurements. Each sample consisted of measuring fresh biomass, stem diameter, shoot length, SPAD units, and parameters related to photosynthetic performance. The diameter (cm) was assessed with a vernier caliper in the middle third of the stem, while shoot length (cm) was measured with a meter from the base of the shoot until the leaf primordia of the basil plant. In the middle third of a plant a mature, healthy, and fully expanded leaf was used to measure net assimilation rate (μmol CO2 m-2 s-1), intercellular CO2 concentration (μmol CO2 mol air-1), transpiration rate (mol H2O m-2 s-1) and stomatal conductance (mol H2O m-2 s-1). These measurements were assessed using the IRGA (Infra-Red Gas Analyzer) model LI-6400XT (Li-COR Inc. Lincoln, NE) from 8:00 to 11:00 h. In the same leaf we indirectly estimated chlorophyll content using a SPAD 502 plus (Konica Minolta, Inc., Osaka, Japan). At the end of the experiment, 90 days after sowing, shoot samples were oven-dried at 60°C for 72 hours for shoot tissue nutrient analysis. The N content was determined through chemical digestion using the Kjeldahl method (Nelson and Sommers, 1973), while P and K concentrations in the shoots were quantified using inductively coupled plasma–optical emission spectrometry (ICP-OES) (Wieczorek et al., 2022).





2.5 Statistical analysis

Data were analyzed using GraphPad Prism software (Dotmatics, San Diego, USA) and are presented as the mean ± 95% confidence interval (CI), with 9 biological replicates for physiological variables and 3 for nutrient uptake. Two-way ANOVA was performed to assess the main effects and interaction of fertilization and inoculation on fresh biomass. Normality of residuals was assessed using the Shapiro-Wilk test. Homoscedasticity was tested using Bartlett’s test. For datasets where residuals were not normally distributed or variances were heterogeneous (P < 0.05), the Kruskal-Wallis test was applied. When data met the assumptions of normality and homoscedasticity (P > 0.05), one-way ANOVA was used to assess significant differences between treatments, followed by Tukey’s post hoc test (α = 0.05) for multiple comparisons. For nutrient uptake, comparisons were made using Duncan’s test against the 50% fertilization without inoculation control.

To assess overall multivariate differences, Principal Component Analysis (PCA) was performed, followed by MANOVA for multivariate analysis across treatments. Outliers were identified and removed using the Robust Regression and Outlier Removal (ROUT) method, with a False Discovery Rate (FDR) set at Q = 1%. Significant differences among samples are indicated by different letters.





3 Results



3.1 Impact of N and P fertilization rates on basil development

The impact of N and P fertilization rates on basil was assessed at three levels (0%, 50%, and 100%) across four time points: 30, 45, 60, and 75 days after sowing (DAS) (Figure 2). A two-way ANOVA showed significant effects of fertilization dose (F(1.95, 77.86) = 2360, P < 0.0001), bacterial inoculation (F(4, 40) = 554.8, P < 0.0001), and their interaction (F(8, 80) = 89.29, P < 0.0001) on shoot dry biomass. Dose explained 63.97% of the total variation, inoculation 24.82%, and their interaction 9.68%. Biomass production increased markedly with higher fertilization rates. At 60 DAS, the 50% fertilization rate showed a fold change of 5.76 compared to the 0% rate, while the 100% rate exhibited a fold change of 8.38. At 75 DAS, the values of biomass diminished compared to 60 DAS, where the 50% fertilization treatment experienced a slight reduction over time of 40.0%, and the 100% fertilization treatment showed a more substantial reduction of 48.9%. This suggests that while initial biomass production was higher with increased fertilization, the benefits may decline over time. These findings highlight the dose-dependent effect of fertilization on basil biomass, where excessive fertilization leads to diminishing returns. This baseline provides a foundation for evaluating the impact of PGPB consortia inoculation in reducing fertilizer doses.

[image: Line graph showing fresh biomass per plant over time with three treatments: 0% (grey circles), 50% (blue squares), and 100% (brown triangles). Brown line peaks at 60 days with a label “a,” while blue increases steadily, and grey remains low. X-axis: Days after sowing, Y-axis: Fresh biomass plant⁻¹ (g).]
Figure 2 | Fresh biomass per basil plant under three different nitrogen and phosphorus fertilization rates (0%, 50% 100%) (n=9). Different letters represent significant differences between treatments with Tukey’s HSD test (P < 0.05) for parametric data, while pairwise Wilcoxon rank-sum tests with a Bonferroni correction for non-parametric data.




3.2 Inoculation with PGPB improves biomass production in basil

To evaluate the effect of PGPB on basil biomass production, five inoculations treatments were applied: B02, AC1 + AC10, D7 + T88 + AP21, and B02 + AC1 + AC10. After 75 DAS biomass was evaluated (Figure 3). PGPB inoculation significantly increased biomass production across all fertilization levels (0%, 50%, and 100%) compared to the respective non-inoculated control at each level. At 0% fertilization, inoculated plants had a 194.72% increase in biomass, while at 50% fertilization, the increase was 137.97%, and at 100%, it was 170.37%. Notably, at 0% fertilization, inoculated plants achieved biomass similar to the 50% control. Inoculated plants at 50% fertilization surpassed the biomass of the 100% control.
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Figure 3 | Fresh biomass per basil plant at 75 days after sowing under three nitrogen and phosphorus fertilization rates: (A) 0%, (B) 50%, and (C) 100%, across four microbial treatments (B02, AC1+AC10, AP21+T88+D7, and B02+AC1+AC10). Different letters indicate significant differences between treatments, based on Tukey’s HSD test (P < 0.05) for parametric data, and pairwise Wilcoxon rank-sum tests with Bonferroni correction for non-parametric data.

The highest biomass (126.90 ± 5.88 g) was observed with AC1+AC10 at 100% fertilization. However, with 50% fertilization, the B02 + AC1 + AC10 treatment (88.96 ± 6.50 g) was comparable to the 100% fertilized control (93.84 ± 4.08 g). A similar pattern was observed in shoot length and stem diameter (Supplementary Figures S1, Supplementary Figure S2). These results suggest that PGPB inoculation is more effective at lower fertilization levels, where nutrient limitations exist, and combining PGPB with 50% fertilization can achieve comparable biomass to complete fertilization.




3.3 Photosynthetic parameters under 50% fertilization are not affected by PGPB treatments

To evaluate the influence of PGPB and fertilization rates on basil physiological responses, photosynthetic activity was measured using an IRGA (Figure 4). In general, treatments with 50% fertilization combined with PGPB (single strains or consortium) showed moderate fluctuations over time. Although some statistical differences were observed among treatments at specific time points, none of the inoculated treatments or the 50% and 100% controls consistently outperformed the others throughout the evaluation period. In contrast, the 0% fertilization non-inoculated control exhibited the lowest net assimilation rate values (Figure 4A), and transpiration rate (Figure 4C), likely due to reduced stomatal conductance (Figure 4D). Intercellular CO2 levels (Figure 4B) remained relatively constant across treatments and time points.

[image: Four-panel graph showing physiological measurements of plants over time: A) Net assimilation rate; B) Intercellular CO2 concentration; C) Transpiration rate; D) Stomatal conductance. Measurements are taken at various days after sowing (30, 45, 60, 75, and 90) and represented by different colored symbols for treatments: B02+50%, AC1+AC10+50%, AP21+T88+D7+50%, B02+AC1+AC10+50%, and control (0%, 50%, 100%). Data points are connected and labeled with significance letters (a-e) indicating differences among treatments.]
Figure 4 | Photosynthetic parameters evaluated in basil, under three nitrogen and phosphorus fertilization rates (0%, 50%, 100%), and four different consortiums with 50% of nitrogen and phosphorus fertilization. (A) net assimilation rate, (B) intercellular CO2 concentration, (C) transpiration rate, and (D) stomatal conductance. Different letters represent significant differences between treatments with Tukey’s HSD test (P < 0.05) for parametric data, while pairwise Wilcoxon rank-sum tests with a Bonferroni correction for non-parametric data.

Chlorophyll content, indirectly estimated using a SPAD meter (Figure 5), reflects the nutritional status of the plant and influences photosynthetic activity. Between 30 and 60 days after sowing (DAS), the 100% fertilization control (non-inoculated) showed the highest SPAD values, followed by the 50% fertilization treatments, both with and without inoculation. At 75 DAS, all PGPB-inoculated treatments (single strain and consortia) showed significantly higher SPAD values compared to the non-inoculated controls at all fertilization levels (0%, 50%, and 100%). By 90 DAS, the highest pigment levels were observed in the 100% fertilization control and in the consortia B02+AC1+AC10 and AC1+AC10, followed by the single-strain B02. In contrast, the 0% control consistently exhibited the lowest values over time.

[image: Scatter plot showing SPAD units over days after sowing for different treatments. Data points are marked with different colored shapes corresponding to treatments: 0%, 50%, 100%, and various combinations like B02+50% and AC1+AC10+50%. SPAD units range from 20 to 40 on the y-axis, and days after sowing range from 30 to 90 on the x-axis. Error bars and letter groupings indicate statistical significance.]
Figure 5 | SPAD units of basil plants under three nitrogen and phosphorus fertilization rates (0%, 50%, 100%), and four different consortiums with 50% of nitrogen and phosphorus fertilization. Different letters represent significant differences between treatments with Tukey’s HSD test (P < 0.05) for parametric data, while pairwise Wilcoxon rank-sum tests with a Bonferroni correction for non-parametric data.




3.4 Inoculation with PGPB in basil plants affects crop quality

Macronutrient uptake (N, P, K) was analyzed to assess the effects of PGPB inoculation on the nutritional quality of basil under reduced fertilization conditions (Table 2). To evaluate the contribution of each bacterial treatment under reduced fertilization, all inoculated treatments and controls were compared to the 50% control. Inoculation with PGPB consortia significantly enhanced the uptake of key macronutrient compared to the controls (50% and 100% fertilization without inoculation). Among the treatments, plants inoculated with the consortium AP21+T88+D7 and B02+AC1+AC10 under 50% fertilization showed the highest N, P, and K uptake. Specifically, the AP21+T88+D7 treatment under 50% fertilization resulted in increases of 52.2%, 32.7%, and 63.3% in N, P, and K, respectively, compared to the 100% fertilization control. Similarly, the B02+AC1+AC10 treatment with 50% fertilization increased N, P, and K by 44.5%, 28.5%, and 55.2%, respectively, relative to the same control (Table 2). These results underscore the potential of PGPB inoculation to enhance nutrient uptake in basil under reduced fertilization rates.


Table 2 | Variation of nitrogen (N), phosphorus (P), and potassium (K) uptake in basil plants growing under 50% of nitrogen and phosphorus fertilization, inoculated with three bacterial consortia and one single strain.
	Treatments
	Nutrient uptake


	N (mg plant -1)
	P (mg plant -1)
	K (mg plant -1)



	0%
	37.120 ± 1.16 e
	5.653 ± 0.25 c
	82.94 ± 3.21 d


	50%
	349.60 ± 37.05 c
	6.002 ± 0.07 bc
	71.64 ± 3.08 de


	100%
	449.00 ± 7.66 b
	6.539 ± 1.05 abc
	63.3 ± 6.46 e


	B02 + 50%
	234.10 ± 9.72 d
	7.248 ± 0.56 abc
	84.28 ± 4.17 c


	AC1 + AC10 + 50%
	450.90 ± 7.08 b
	8.037 ± 1.09 ab
	87.27 ± 4.46 bc


	AP21 + T88 + D7 + 50%
	683.30 ± 7.77 a
	8.677 ± 0.41 a
	103.4 ± 1.59 a


	B02 + AC1 + AC10 + 50%
	648.80 ± 8.73 a
	8.401 ± 0.43 a
	98.28 ± 0.76 ab





According to the post hoc Duncan test, values denoted by a different small letter differ significantly (P < 0.05) in a one-way ANOVA (median ± standard error).






3.5 Rates of fertilization and inoculation were the principal source of variability for PCA and MANOVA analysis

To comprehensively understand the relationships among variables and identify patterns influenced by treatments, a principal component analysis (PCA) was performed to summarize the data and capture the key drivers of variability in the experiment. The first two principal components (PCs) (Figure 6) demonstrated strong correlations among the variables, with eigenvalues exceeding 1 and accounting for 85.05% of the total variance. The first component (PC1) was positively correlated with shoot length and photosynthetic parameters (Pn, E, gs, and SPAD units), while PC2 was positively correlated with intercellular CO2 concentration (Ci), stem diameter (SD), and P and K uptake. The 0% treatment was distinctly separated from the other two fertilization rates (50% and 100%) along PC1. The 50% fertilization treatment, inoculated with the bacterial consortium, was differentiated along PC2 and clearly clustered based on foliar nutrient uptake (P and K). Therefore, the rate of fertilization and inoculation in basil plants were key factors influencing the PCA clustering along PC1 and PC2 (Figure 6).
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Figure 6 | Loading and score plots from principal component analysis (PCA) of shoot length (SL), stem diameter (SD), fresh weight biomass (FW), assimilation rate (Pn), intercellular CO2 concentration (Ci), transpiration rate (E), stomatal conductance (gs), and nitrogen, phosphorous, and potassium foliar uptake (N, P, K) in basil plants subjected to 0%, 50%, and 100% N and P fertilization rates with four different PGPB inoculation.

Following the PCA analysis, a MANOVA was performed to statistically validate the differences observed between treatments. The MANOVA results confirmed that the treatments had a significant effect on the measured physiological variables, with a Pillai’s trace statistic of 3.1969 and an approximate F-value of 7.6983 (P < 2.2e-16), further supporting the patterns seen in the PCA.





4 Discussion

Bioproducts based on plant growth-promoting bacteria (PGPB) offer a promising alternative to reduce synthetic fertilizer use in crop production. In this study, we tested three bacterial consortia and one single strain to enhance basil production under low N and P fertilization. Our results demonstrated that inoculation significantly increased biomass production, particularly under low fertilization conditions.

The increase in biomass can be attributed to the abilities of the strains used to solubilize and mineralize phosphates, fix atmospheric N, and produce indolic compounds and exopolysaccharides (Romero-Perdomo et al., 2017; Amaya-Gómez et al., 2020; Cortes-Patino et al., 2021; Bejarano-Herrera et al., 2024). These characteristics are commonly found in species with the potential to promote growth and mitigate damage caused by abiotic stress, such as low nutrient availability. Conversely, high N and P fertilization rates, like in the 100% fertilization, are known to suppress N fixation in the rhizosphere (Yu et al., 2019) what may alter the structure of phosphate-solubilizing microbial communities (Chen et al., 2023). Specifically, at 50% fertilization, both the single-strain B02 and the consortium AC1+AC10 produced similar fresh biomass. However, the combination of B02+AC1+AC10 outperformed the individual treatments and matched the biomass production of the B02+AC1+AC10 100% treatment. These results suggest a synergistic effect between the strains, as B02 is a phosphate-solubilizing bacteria (Beltran-Medina et al., 2023), while AC1 and AC10 are diazotrophic bacteria capable of N fixation (Romero-Perdomo et al., 2017).

Inoculation with PGPB consortia has the potential to decrease 50% of the recommended chemical fertilizer dose in basil plants. Based on this, we examined the effects of inoculation on photosynthetic performance of basil. Our results demonstrated that fertilization rate significantly influences photosynthetic processes, regardless of the inoculation consortia applied. Higher nutrient availability provides the plant with more resources for pigment production, ATP generation, stomatal regulation, and efficient translocation of photosynthesis products, thereby improving growth and biomass accumulation (Tewari et al., 2007; Mu and Chen, 2021; Liu et al., 2023). Our findings on assimilation rate (Pn), transpiration rate (E), and stomatal conductance (gs) align with reports of basil grown under optimal conditions (Barickman et al., 2021; Ciriello et al., 2024). The low photosynthetic performance observed in the 0% fertilization control, compared to 50% and 100% fertilization, was likely due to stomatal closure, consistent with other studies using varying fertilization rates (Pasquini and Santiago, 2012; Burducea et al., 2018).

75 and 90 DAS, the consortium containing AC1+AC10 strains exhibited the highest SPAD values, which reflect increased chlorophyll content. This may be attributed to their nitrogen-fixing ability (Romero-Perdomo et al., 2017) and production of indolic compounds (Lopez-Ortega et al., 2013). Indole-related molecules are known to promote plant growth by enhancing cell expansion and differentiation, regulating gene expression, and improving photosynthetic performance (Jin et al., 2023; Sun et al., 2023). Furthermore, increased N availability supports chlorophyll synthesis and other photosynthesis-related processes, thereby sustaining overall plant metabolic activity. These results are consistent with studies on basil treated with biological and conventional fertilizers (Burducea et al., 2018) and other crops subjected to different fertilization rates (Sun et al., 2020).

The use of PGPB enhanced the foliar uptake of N, P, and K in basil plants. The consortium AP21+T88+D7 and B02+AC1+AC10, combined with 50% of soluble fertilization, resulted in higher macronutrient uptake compared to the control group receiving 100% of the recommended fertilization. These results can be attributed to the ability of the bacterial species to improve nutrient availability for the plant. Introducing new bacteria into the soil can alter its physicochemical properties, affecting nutrient cycles, soil-plant interaction, and soil microbiome (Zhang et al., 2023). The bacterial consortia likely enhanced nutrient uptake by making P more available through the secretion of organic acids, phytases, or chelating agents (Cheng et al., 2023). For N, bacteria use the enzyme nitrogenase to convert atmospheric N into assimilable forms (ammonium or nitrate) (Wagner, 2011). These processes support improved nutrient uptake, which benefits plant growth and processes like photosynthesis. Our findings are consistent with previous studies that reported similar increases in nutrient content using the same bacterial species in other crops (Estrada et al., 2013; Hungria et al., 2021; Beltran-Medina et al., 2023).

Overall, our findings demonstrate that the inoculation of basil plants with Herbaspirillum sp. AP21, Azospirillum brasilense D7 and Rhizobium leguminosarum T88 consortium and Rhizobium sp. B02, and Azotobacter chroococcum AC1+AC10 consortium significantly enhances plant growth, biomass production, and nutritional content, even under reduced fertilization conditions. By improving nutrient uptake and supporting photosynthetic processes, these bacterial consortia offer an environmentally friendly solution to optimize crop production, contributing to more sustainable agricultural practices in basil crop. Future research should focus on exploring the long-term effects of these consortia on the microbial community and its functions, aiming to identify the specific genes involved in plant growth promotion. Additionally, it is essential to understand how plant–microbe interactions enrich the rhizosphere to enhance nutrient availability for plant uptake. These results have practical implications for farmers, offering a sustainable alternative to reduce fertilizer use while maintaining productivity in basil cultivation.
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