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Plant growth-promoting
microorganisms and phosphorus
levels influence growth, nutrient
uptake, and secondary metabolites
in hydroponic basil
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Plant growth promoting microorganisms (PGPMs) represent an environmentally sustainable
alternative to chemical fertilizers, yet their application in soilless cultivation systems remains
insufficiently studied. This study investigated the individual effects of four PGPMs, Bacillus

subtilis, Pantoea agglomerans, Serendipita indica, Funneliformis mosseae, and three phosphorus
concentrations (10, 20, and 40 mg L) on growth, nutrient uptake, and essential oils (EOs) production
in hydroponically grown basil (Ocimum basilicum L.). Results indicated that reduced phosphorus
availability restricted biomass production, whereas PGPM inoculation significantly enhanced plant
growth and improved shoot and root P and K accumulation (P <0.01). EOs content was strongly
influenced by both microbial inoculation and P level: S. indica and P. agglomerans at 40 mg L™ P
increased EOs percentage four- and three-fold, respectively, compared with controls. Chemical
profiling revealed notable shifts in EOs composition, with estragole as the predominant component.
Inoculation with F. mosseae at 40 mg L™! P yielded the highest estragole concentration (43.7%),

while B. subtilis under the same condition maximized §-cadinene, B-farnesene, a-bergamotene,

and y-cadinene levels. These findings highlight the potential of PGPMs to improve phosphorus use
efficiency and enhance both yield and phytochemical quality in hydroponic basil, providing a practical
and sustainable approach for reducing fertilizer inputs in soilless cultivation systems.
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Global population growth, climate change, and the reduction of arable land pose major challenges to food
security. Soilless cultivation systems, particularly hydroponics, have emerged as sustainable alternatives to
conventional soil-based agriculture, offering more efficient nutrient and water use. In recent years, increasing
attention has been directed toward the incorporation of beneficial microorganisms into soilless systems as a
strategy to compensate for the absence of native soil microbiota and enhance plant performance while reducing
dependency on chemical fertilizers"2 Plant growth-promoting microorganisms (PGPM) are defined as a diverse
group of bacteria and fungi capable of colonizing the rhizosphere or root tissues and enhancing plant growth
and productivity through direct and indirect mechanisms®. Traditionally studied in soil-based systems, PGPMs
include plant growth-promoting bacteria (PGPB), fungi such as arbuscular mycorrhizal fungi (AMF), and other
root-associated microbes that improve nutrient acquisition, modulate phytohormone levels, suppress pathogens,
and enhance tolerance to abiotic stresses>. In soilless or hydroponic cultivation, although the growth medium
lacks a soil matrix, the functional concept of PGPMs remains applicable when these microorganisms colonize
the root surface and the nutrient solution interface, forming a rhizosphere-like environment. In such systems,
PGPMs have been shown to solubilize nutrients, produce growth-stimulating compounds, and influence plant
metabolic responses, thereby promoting plant growth and health much as they do in soil*. Recent studies
highlight that PGPMs can improve nutrient uptake, mitigate abiotic stress, and enhance plant physiological
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performance under hydroponic conditions®®. Consequently, the application of beneficial microorganisms
in hydroponic systems is increasingly regarded as an environmentally friendly approach for sustainable crop
production.

Numerous rhizospheric bacteria and fungi are known to stimulate plant growth, yield, nutrient uptake, stress
tolerance, and secondary metabolite accumulation in medicinal plants. Among these, arbuscular mycorrhizal
fungi (AMF) represent a major component of the soil microbial community and contribute substantially to
plant growth enhancement, stress protection, and soil quality improvement, with most terrestrial plants
forming symbiotic associations with AMF’. Similarly, Serendipita indica (formerly Piriformospora indica) is an
endophytic fungus capable of robust root colonization and axenic culture, functioning as a biotrophic mutualist
analogous to AMF. In addition to beneficial fungi, several bacterial genera have been extensively investigated
for their plant growth-promoting potential. For example, Bacillus species such as B. subtilis are widely used as
biofertilizers and biocontrol agents due to their ability to produce phytohormones, form stress-tolerant spores,
and colonize plant roots efficiently'!. Likewise, phosphate-solubilizing bacteria such as Pantoea agglomerans
enhance plant-available phosphorus and thereby improve plant growth and productivity!2. PGPMs promote
plant development through multiple mechanisms, including nitrogen fixation, phosphorus solubilization,
phytohormone synthesis, ACC deaminase activity, siderophore production, and pathogen suppression. Among
these mechanisms, enhancement of phosphorus availability and uptake is particularly critical, especially in
soilless cultivation systems where nutrient supply is entirely dependent on nutrient solution composition and
management!?.

Phosphorus (P) is one of the three primary mineral nutrients applied in agriculture and plays a fundamental
role in plant growth and metabolism. Phosphorus deficiency results in stunted growth, poor root development,
and inhibited flowering. At the cellular level, phosphorus serves as a structural and regulatory component of
phospholipids, enzymes, and phosphoproteins, and is involved in essential metabolic processes such as energy
transfer, amino acid and nucleotide synthesis, and nitrogen and sulfur assimilation!®!>, Phosphorus is also
indispensable for adenosine triphosphate (ATP) synthesis and normal photosynthetic function. Its deficiency
disrupts the photosynthetic electron transport chain, limits ATP production, and reduces carbon assimilation,
thereby influencing metabolic flux toward both primary and secondary metabolic pathways'¢. Reviews focusing
on fertilization and secondary metabolism in medicinal and aromatic plants have shown that phosphorus
fertilization enhances the accumulation of phenolic compounds and EOs, highlighting the importance of
adequate phosphorus availability for secondary metabolite production'”.

PGPMs significantly contribute to phosphorus acquisition by enhancing root development and facilitating
phosphorus mobilization and redistribution between inorganic and organic pools!®. Rhizospheric bacteria and
fungi release organic acids that reduce pH and solubilize phosphate compounds or chelate mineral ions, thereby
increasing phosphorus availability. Moreover, the secretion of enzymes such as phytases and phosphatases
further enhances phosphorus uptake by plants'®. Improved phosphorus absorption mediated by PGPMs not only
supports primary plant growth but also enhances the biosynthesis of secondary metabolites, including EOs, in
medicinal plants. Phosphorus is particularly critical for EO production because isoprenoid biosynthesis relies on
high-energy intermediates such as acetyl coenzyme A, ATP, and nicotinamide adenine dinucleotide phosphate
(NADPH). At the biochemical level, phosphorus participates directly in the methylerythritol phosphate (MEP)
and mevalonate (MVA) pathways of terpenoid biosynthesis, which depend on high-energy phosphate bonds in
intermediates such as isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP), as well as ATP-
and NADPH-dependent enzymatic reactions. By increasing phosphorus availability through solubilization
of inorganic and organic P, secretion of phosphatase enzymes, and stimulation of root development, PGPM
inoculation together with optimized phosphorus supply can act synergistically to enhance metabolic flux toward
terpenoid synthesis, ultimately improving both growth and EO accumulation in hydroponically grown aromatic
plants!®20.

Several studies have demonstrated that microbial inoculation can significantly enhance basil growth and
essential oil yield. Roshanpour et al! reported that a combined inoculation of Bacillus, Azotobacter, and
Azospirillum increased fresh and dry biomass as well as EOs yield in basil. Similarly, Dasgan et al.?? showed that
the application of beneficial bacteria and mycorrhizae in floating cultivation systems increased basil yield by
approximately 18.94% and 13.94%, respectively, compared with the control. Raei et al.?* also demonstrated that
inoculation with Azospirillum improved growth traits and drought tolerance in basil plants.

Basil (Ocimum basilicum L.), an annual herb belonging to the Lamiaceae family, is widely cultivated for
its culinary and medicinal value and has extensive applications in the food, pharmaceutical, and cosmetic
industries®’. Although the beneficial effects of PGPMs on basil growth and productivity have been well
documented®-%, most studies have focused on soil-based cultivation systems. In contrast, the application
of PGPMs in sustainable soilless or hydroponic systems, particularly in relation to phosphorus nutrition and
secondary metabolite production, remains insufficiently explored.

Therefore, the present research aimed to investigate the effect of Bacillus subtilis, Pantoea agglomerans,
Serendipita indica (formerly Piriformospora indica), Funneliformis mosseae (formerly Glomus mosseae) and
different phosphorus concentrations on the growth, physiological traits, and essential oil production of basil
under hydroponic conditions. This work seeks to provide insights into the potential integration of PGPMs and
optimized phosphorus management as sustainable strategies to improve basil productivity and quality in soilless
cultivation systems.

Results

Plant growth and biomass production

The growth of basil plants was significantly affected by both phosphorus levels and PGPM inoculation (P <0.01;
Table 1). Reduced phosphorus concentration resulted in a marked decline in shoot and root fresh weight, dry
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Means square

Value sources df | Shoot FW | Shoot DW | Leaf area RWC Root FW | Root DW | Root volume
Replication 2 | 16.91™ 10.50™ 30,380.35™ 0.79" 9.35m 0.17" 12.92m
Microorganisms (a) | 4 | 253.32** 20.35%* 497,292.23** 352.69%* | 395.29** | 3.91** 815.49**
Phosphorus (b) 2 | 15,767.08** | 491.77** 6,062,305.79** | 314.99** | 544.84** | 16.40** 1070.42**
axb 8 | 77.69™ 2.16™ 187,035.05** 93.40** | 16.61"™ 0.42" 54.44"

Error 28 | 37.78 3.25 49,286.54 12.44 15.21 0.42 33.15

Cv (%) 3.55 9.84 10.61 513 9.74 18.75 9.36

Table 1. Analysis of variance (ANOVA), for the effects of plant growth-promoting microorganisms (PGPMs)
and different phosphorus concentrations on growth parameters of hydroponically grown basil plants. "non-
significant; *significant at p <0.05; **significant at p <0.01.

Treatment Shoot FW(g) Shoot DW(g) | Root FW(g) Root DW(g) | Root volume (mL)
Control 165.66+35.55¢ | 16.14+5.01b |29.21+6.14¢c |2.49+0.69c |46.11+6.78 ¢
B.subtilis 180.14+28.82a |19.38+5.16a |45.70+6.44a |4.08+£095a |70.83+9.0la
Microorganism Pagglomerans | 174.20+32.18 ab | 19.00+5.74a |43.64+7.90a |4.00+1.25ab | 66.94+11.24 ab
S.indica 171.35+30.10 bc | 17.39+5.91 ab | 43.24+5.85ab | 3.61+£0.95ab | 63.89+10.16 ab
Emosseae 175.00+29.67 ab | 19.67+5.87a | 38.27+5.46b |3.16+0.87bc | 59.72+7.71b
40 207.64+527a 24.75+290a |4592+7.16a |4.64+1.12a |70.33+11.15a
Phosphorus concentration (mg L™!) | 20 168.93+8.06 b 16.43+2.60b |40.25+6.03b |3.14+0.80b | 60.66+8.17 b
10 143.24+8.45¢c 13.77+1.61c |33.87+5.12¢c |2.63+0.61c |53.5+801c

Table 2. Effects of plant growth—promoting microorganisms (PGPMs) and different phosphorus
concentrations on growth parameters of hydroponically grown basil plants. Mean values marked with different
letters are significantly different according Duncan’s multiple range test, Values represent mean * standard
deviation of three independent replicates (n=3).

Mean square
Value sources Df | Colonization (%)
Replication 2 10.38™
Microorganisms (a) | 1 112.50m
Phosphorus (b) 2 |1006.05**
axb 2 568.50**
Error 10 | 33.52
Cv (%) 8.94

Table 3. ANOVA for the effects of arbuscular mycorrhizal fungi (AMF) and different phosphorus
concentrations on root colonization percentage of hydroponically grown basil plants. ™ non-significant;
*significant at p <0.05; **significant at p<0.01.

weight, and root volume, whereas inoculation with PGPMs improved these growth parameters compared
to the control. Among the treatments, Bacillus subtilis yielded the highest shoot and root biomass, although
all microbial inoculations showed significant positive effects relative to the uninoculated control (Table 2).
Arbuscular mycorrhizal fungi successfully colonized basil roots (Table 3), with colonization rates ranging from
44 to 85%, confirming the establishment of effective symbiosis under hydroponic conditions (Figs. 1 and 2).

Leaf area

The interaction between PGPMs and phosphorus concentration had a significant effect on leaf area (P<0.01;
Table 1). The largest leaf area was observed in plants inoculated with E mosseae under 40 mg L~! phosphorus
(Fig. 3). At this phosphorus concentration, treatments with B. subtilis, P. agglomerans, and F. mosseae did
not differ significantly from each other but showed clear superiority compared with the control. In contrast,
plants inoculated with S. indica exhibited no significant difference from the control. At lower phosphorus
concentrations (20 and 10 mg L™!), microbial treatments slightly increased leaf area compared with the control,
though differences were not statistically significant.
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Fig. 1. Mycorrhizal root colonization (%) of hydroponically grown basil plants treated with arbuscular
mycorrhizal fungi (AMF) under different phosphorus levels. Mean values marked with different letters are
significantly different according to Duncan’s multiple range test (P<0.01).
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Fig. 2. Mycorrhizal root colonization of hydroponically grown basil plants inoculated with (a) Funneliformis
mosseae, and (b) Serendipita indica.

Relative water content (RWC)

The interaction between PGPMs and phosphorus concentration significantly affected leaf relative water content
(RWC) (P<0.01; Table 1). Microbial inoculation enhanced RWC across all phosphorus levels, with P. agglomerans
at 20 mg L~! P yielding the highest values, whereas control plants at 10 mg L~! P showed the lowest RWC (Fig. 4).

Phosphorus (P) concentration

The results revealed that tissue phosphorus (P) concentration in both shoots and roots of treated basil plants
were significantly (P<0.01) affected by the interaction between PGPMs and different phosphorus levels (Table
4). The highest phosphorus concentration in shoot (22.81 mg g~! DW) and root (19.64 mg g~! DW) was observed
in plants inoculated with B. subtilis and P. agglomerans at 40 mg L™! P, respectively (Fig. 5 and 6). In contrast,
control plants grown under 10 mg L™! P exhibited the lowest tissue P concentration in both organs. Across
all treatments, a reduction in external phosphorus supply led to a marked decrease in tissue P concentration.
However, inoculation with PGPMs significantly enhanced tissue P accumulation at each phosphorus level
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Fig. 3. Leaf area (cm? plant™) of hydroponically grown basil plants treated with PGPMs under different

phosphorus levels. Mean values marked with different letters are significantly different according to Duncan’s
multiple range test (P<0.01).
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Fig. 4. Leaf relative water content of hydroponically grown basil plants treated with PGPMs under different
phosphorus levels. Mean values marked with different letters are significantly different according to Duncan’s
multiple range test (P<0.01).

compared with the uninoculated controls, highlighting their potential role in improving nutrient acquisition
efficiency.

Potassium (K) concentration

According to the results, potassium (K) concentration in both shoots and roots of basil plants was significantly
influenced (P<0.01) by the interaction between PGPM and different phosphorus levels (Table 4). In all
treatments, decreasing the external phosphorus supply was associated with an increase in tissue K concentration.
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Means square
Value sources df | P concentration (shoot) | P concentration (root) | K concentration (shoot) | K concentration (root) | EOs percentage (%)
Replication 2 | 0.008" 0.000™ 1.75™ 0.40™ 0.0006™
Microorganisms (a) | 4 | 0.145%* 0.177%* 5.38** 47.60%* 0.0125**
Phosphorus (b) 2 | 2.977% 2.522%% 20.82*%* 21.24%¢ 0.0241%*
axb 8 |0.030** 0.35** 2.18** 2.59** 0.0185**
Error 2 10.004 0.002 0.63 0.77 0.0020
Cv (%) 8 |391 3.97 5.13 6.48 24.96

P concentration of shoot

(mg g "' DW)

Table 4. ANOVA for the effects of PGPMs and different phosphorus levels on nutrient uptake and EOs
content of hydroponically grown basil plants. "non-significant; *significant at p <0.05; **significant at p <0.01.
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Fig. 5. Shoot phosphorus (P) concentration of hydroponically grown basil plants treated with PGPMs under
different phosphorus levels, Mean values marked with different letters are significantly different according to
Duncan’s multiple range test (P<0.01).

The highest K concentration in shoots (17.0 mg g~' DW) was recorded in plants inoculated with E mosseae
under 20 mg L™! P, which did not differ significantly from plants inoculated with E mosseae at 10 mg L™} P and
P agglomerans at 20 mg L™! P (Fig. 7). In contrast, the lowest shoot K concentration (12.33 mg g~! DW) was
observed in control plants grown under 40 mg L™! P. For root tissues, the maximum K concentration (18.0 mg
g~! DW) was found in plants inoculated with S. indica at 20 mg L™! P. Notably, across all phosphorus levels, root
K concentration was consistently highest in plants inoculated with S. indica (Fig. 8).

Secondary metabolites and EOs composition

The EOs content (%) of hydroponically grown basil plants was significantly (P <0.01) affected by the interaction
between PGPMs and phosphorus (P) levels (Table 4). Inoculation with S. indica and P. agglomerans at 40 mg
L~! P resulted in a notable increase in EOs content, with fourfold (0.4%) and threefold (0.3%) enhancements
compared with the control (0.1%), respectively (Fig. 9). Chemical profiling of the EOs indicated that estragole
(methyl chavicol) was the predominant compound, followed by §-cadinene, methyl eugenol, linalool, and B-
farnesene (Table 5). Significant treatment-dependent differences in EOs composition were observed. Inoculation
with E mosseae at 40 and 20 mg L™! P resulted in the highest concentration of Estragole (43.7% and 42.6%),
respectively. Application of B. subtilis at 40 mg L™! P resulted in the maximum &-cadinene (16.9%), p-farnesene
(7.6%), a-bergamotene (6.89%), and y-cadinene (6.48%). Furthermore, inoculation with P. agglomerans at 20 mg
L' P resulted in the highest observed concentrations of Methyl eugenol (10.7%). In contrast, the highest linalool
concentration (8.67%) was detected in control plants grown under 10 mg L™! P.
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Fig. 6. Root phosphorus (P) concentration of hydroponically grown basil plants treated with PGPMs under
different phosphorus levels, Mean values marked with different letters are significantly different according to
Duncan’s multiple range test (P<0.01).
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Fig. 7. Shoot potassium (K) concentration of hydroponically grown basil plants treated with PGPMs under
different phosphorus levels, Mean values marked with different letters are significantly different according to
Duncan’s multiple range test (P<0.01).

Discussion

The findings of this study demonstrate that beneficial microorganisms can substantially influence growth
performance, nutrient dynamics, water relations, and secondary metabolite production in hydroponically
grown basil. The observed levels of AMF colonization fall within the range reported for soilless culture systems
and are consistent with a recent meta-analysis that identified a mean colonization rate of approximately 52%,
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Fig. 8. Root potassium (K) concentration of hydroponically grown basil plants treated with PGPMs under
different phosphorus levels, Mean values marked with different letters are significantly different according to
Duncan’s multiple range test (P<0.01).
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Fig. 9. EOs content (%) of hydroponically grown basil plants treated with PGPMs under different phosphorus
levels, Mean values marked with different letters are significantly different according to Duncan’s multiple
range test (P<0.01).

depending on inoculation procedures and substrate characteristics®!. Such colonization efficiencies highlight the
feasibility of establishing functional symbioses even in substrate-free conditions, where microbial performance
has historically been considered less predictable.

Although arbuscular mycorrhizal colonization was directly verified in this study, bacterial root colonization
was not quantified using culture-dependent, microscopic, or molecular approaches. Consequently, the
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Treatments

Compound RI T1 |T2 |T3 |T4 5 |Té |T7 |T8 |T9 |T10 | T11 |T12 |T13 | T14 | T15
1,8-Cineole 1073 | - - 2.57 | - 1.01 | 3.7 |1.89 |2.01 |1.61 |1.89 |3.88 |2.0 |19 |254 |20
Fenchon 1103 | - - - - 1.04 | 2.54 | 0.96 | 1.34 | 1.18 | - 293 | - 1.3 | 145 |09
Linalool 1111 | 4.44 | 561 | - 7.19 | 742|697 |579 |7.03 |495 (3.8 |8.67 |581 |48 [4.92 42
Camphor 1136 | - - - - 0.95 | - 231|234 | 144 | 1.73 | - 233122 32829
Estragole 1180 | 24.0 | 23.8 | 39.3 | 34.0 |43.7 |24.7 |33.1 | 339 |37.4 | 426 |21.1 | 31.3 | 36.7 | 39.3 | 30.8
B-Citral 1202 | 0.99 [1.38 | 0.81 | 0.95 |0.82 |0.71 |- 0.88 | - 0.65 | 1.2 | - - - -
Geraniol 1204 | 1.96 |44 |1.03 |3.65 |11 |1.13 |- 1.73 | - 1.03 | 1.15 | 0.33 | - - 0.2
Geranial 1220 | 1.46 | 2.11 | 0.72 | 1.64 |1.12 | 1.03 | - 1.14 | - 0.94 | 1.67 | - - - 0.3
Eugenol 1271 | - - 231 | - - - 0.87 | 1.25 | 1.79 | - - - 04 |- -
Methyl Eugenol 1303 | 2.44 | 1.92 | 3.16 | 7.87 |3.35 |53 |4.41 |10.7 | 592 |2.66 |599 |6.11 |73 |495 |39
Bornyl acetate 1328 | - - - - 0.88 | 0.77 | 0.88 | 1.0 |0.62 | 0.71 | - 0.67 | 0.7 |0.77 | 0.4
B-Damascenone 1401 | - - 0.83 | - 051 | 0.77 | - - 0.64 | - - - - - -
y-Elemene 1477 | 1.17 | - 1.12 | 0.78 [0.88 |1.12 | 1.26 | 1.03 | 1.14 | 0.67 | 1.14 | 1.33 | 1.0 | 0.81 | 0.8
Copaene 1498 | - - 0.04 | - 027 | - 0.38 | 0.31 | 0.27 | - - - - - 0.4
B-Elemene 1507 | 44 |4.03 (329 | 1.77 |1.95|227 |448 |2.81 |1.86 |1.86 (3.3 |[3.54 |32 |275 |28
B-Caryophyllene 1522 | 3.54 | 5.51 | 3.43 |2.88 |2.65 |3.41 |3.76 | 2.83 |3.06 |3.02 | 3.43 | 3.66 | 2.9 |2.22 |26
B-Cubebene 1527 | 1.0 | 1.08 | 0.97 | - 0.69 | 0.84 | 0.89 | 0.74 | 0.75 | 0.56 | 0.71 | 0.99 | 0.7 |0.55 | 0.5
a-Bergamotene 1531 | 3.38 | 6.89 [5.25 | 6.31 |[3.75|5.88 |543 |2.99 |4.18 |4.81 |554 |3.77 |51 |439 |51
a-Guaiene 1532 1093 | - - - 0.6 |0.65 |- 0.64 | 0.49 | 0.59 | - 0.83 | 0.8 |0.58 | -
B-Farnesene 1540 | 3.61 | 7.6 |3.52 | 4.87 |3.22 |348 |3.51 |2.75|3.29 |3.74 |2.77 | 412 | 2.0 |2.74 |32
cis-Muurola 1545 | 1.76 | 1.29 | 1.39 | 0.92 | 0.85 | 0.97 | 1.34 | 0.95 | 0.93 | 0.87 | 0.94 | 1.07 | 0.8 |0.87 | 0.6
Germacrene D 1555 | 2.04 (2.19 | 1.73 | - 0.71 | - 1.82 | 1.29 | 1.73 | - - 1.65 | - 1.57 | -
a-Bulnesene 1566 | 2.0 |1.78 | 1.75 | 1.22 | 1.08 | 1.43 | 1.59 | 1.17 | 0.8 |1.03 | 1.34 | 1.52 | 1.6 |12 |12
y-Cadinene 1571 | 4.58 | 6.48 | 3.67 | 4.86 |3.26 | 3.37 |3.54 | 2.19 | 3.49 | 4.0 |3.58 |3.72 |3.6 |2.88 |3.6
Calamenene 1574 | 1.55 | 1.27 | - 1.0 0.98 10.96 | 1.06 |08 |1.18 |1.22 |0.99 | 123 |11 |096 | 1.3
Spathulenol 1602 | - 2.7 | 1.88 |22 1.63 | 2.17 | 2.05 | 1.51 | 1.85 | 2.48 | 2.81 | 2.12 | 2.3 |2.34 | 4.0
Caryophyllene oxide 1605 | 1.22 | - 1.14 | - 0.87 | 1.28 | 1.16 | 0.7 |1.07 | 1.81 | 1.95 | 1.04 | 1.1 |126 |14
Humulene epoxide 1616 | - - - - - 0.77 10.65 | - 0.55 0.8 |- 071 0.8 |0.84 | 1.1
a-Cubebene 1619 | 2.94 | 2.66 | 1.92 | 2.22 | 1.76 | 1.97 | 1.83 | 1.36 | 1.98 | 2.08 | 2.25 | 2.27 | 1.8 | 1.79 | 2.2
§-Cadinene 1633 | 11.7 | 16.9 | 7.98 | 14.01 | 7.89 | 8.89 | 7.69 | 5.97 | 8.24 | 8.6 |9.78 | 9.64 |7.7 |7.82 |9.6
a-Cadinol 1638 | 1.59 | - 1.71 | 095 | 124 |- 142 | - 1.28 | - 1.3 1.65 | - - 1.9
B-Eudesmol 1649 | - - - - - 1.88 | - 12 |- 1.09 | - - 1.0 | 1.55 | -
Palmitinic acid 1827 | 4.61 | - 1.2 |- 0.52 | 227 |1.67 | 0.7 | 175 |1.0 |1.87 |147 |10 |0.79 |16
hexahydrofarnesyl acetone | 1883 | 1.16 | — 0.53 | - 0.41 | 0.58 | 0.61 | 0.44 | 0.52 | 0.56 | 0.78 | 0.67 | 0.5 |0.52 | 0.5
Phytol 2115 | 0.96 | - 05 |- - 0.85 | 0.64 | 0.44 | 0.6 |- - 0.55 | 0.4 |0.42 | 0.6
Neophytadiene 2163 | 0.67 | - - - 0.32 | 0.46 | 0.38 | - 0.35 | - - - - - 0.3

Table 5. Relative abundance of major compounds in the EOs of aerial parts of Ocimum basilicum L. as affected
by PGPMs and different phosphorus concentrations. RI: Retention Index; T1: control, P40 (mg L™!) T2: B.
subtilis, P40 T3: P. agglomerans, P40 T4: S. indica, P40 T5: E mosseae, P40 T6: control, P20 (mg LY T7:B.
subtilis, P20 T8: P. agglomerans, P20 T9: S. indica, P20 T10: F. mosseae, P20 T11: control, P10 (mg L™!) T12: B.
subtilis, P10 T13: P. agglomerans, P10 T14: S. indica, P10 T15: F. mosseae, P10.

effectiveness of bacterial inoculation was inferred from consistent and treatment-specific phenotypic and
physiological responses, including enhanced biomass accumulation, improved nutrient uptake, and altered
metabolic profiles in PGPM-treated plants compared with non-inoculated controls across phosphorus levels.
Such responses are widely accepted as indirect indicators of successful root interaction in PGPM studies,
particularly under controlled cultivation systems. Nevertheless, direct confirmation of bacterial colonization
remains an important limitation of the present work. Future studies integrating plate counting, fluorescence-
based microscopy, or molecular techniques such as qPCR will be valuable for verifying colonization dynamics
and strengthening mechanistic interpretation of plant-bacteria interactions in hydroponic systems.

The positive effects of microbial inoculation on biomass accumulation and physiological responses align
with extensive literature demonstrating that PGPMs enhance plant growth through multiple direct and
indirect mechanisms. These include modulation of hormonal signaling, biological nitrogen fixation, phosphate
solubilization, siderophore production, and the release of volatile organic compounds!**2. Bacillus species,
in particular, are widely recognized for producing phytohormones, siderophores, and lipopeptides that
simultaneously promote growth and suppress phytopathogens**~%. Parallel findings have been reported
for other crop species cultivated hydroponically or under nutrient-limited conditions, where inoculation
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with Azotobacter, Azospirillum, Bacillus, and AMF consistently enhanced biomass production37‘40. Previous
studies in basil similarly demonstrated the growth-promoting effects of microbial inoculants, supporting the
generalizability of our results*!*2,

The improvements in leaf area following microbial inoculation further corroborate earlier evidence from
onion, lettuce, banana, and tomato, where PGPMs enhanced leaf expansion through increased nutrient
acquisition and hormonal regulation®”>-46, Physiologically, such enhancements may reflect improved water
and nutrient status as well as increased synthesis of IAA and other growth-regulating metabolites.

Changes in relative water content (RWC) suggest that PGPMs improve water relations through both
physiological and molecular processes. Enhanced stomatal performance, improved leaf water potential, and
increased osmolyte accumulation have been reported as primary contributors to improved water status under
microbial treatments?”*®. Molecular studies indicate that PGPMs can upregulate aquaporin gene families (PIPs,
TIPs), thereby increasing root hydraulic conductivity*”. AMF hyphae also access water from pores too small for
root hairs, contributing to improved hydration®’. Reports of increased RWC in mycorrhizal soybean and other
crops®>2 Further support these mechanisms and align with the responses observed in basil.

Enhanced phosphorus acquisition in inoculated plants reflects the combined contributions of phytase
activity, organic acid production, root architectural modifications, and hyphal foraging by AMF. P. agglomerans
and related species are well known for phytase synthesis, enabling the mobilization of phytate—the dominant
form of organic P in many substrates®>. AMF-mediated increases in alkaline and acid phosphatase activities and
improvements in N, P, and K uptake have been documented in several plant species®’. Hyphal networks play
a particularly important role in expanding the effective absorptive surface area of roots and accessing P bound
within microsites unavailable to root hairs>>°. Organic acid-mediated chelation, siderophore production, and
HCN generation further contribute to phosphorus solubilization and metal sequestration, enhancing nutrient
availability in the rhizosphere!***48. Together, these findings suggest that microbial inoculants employ a
complementary suite of biochemical and morphological strategies to improve P-use efficiency in hydroponic
basil.

Potassium uptake was also enhanced by microbial inoculation, consistent with the activity of potassium-
solubilizing bacteria that mobilize K from insoluble minerals through acidification, chelation, and
exopolysaccharide-mediated mineral dissolution®”. Several strains of Enterobacter and Pantoea have
demonstrated strong K-solubilizing capabilities®®. AMF further contribute indirectly by modifying root
morphology and altering exudate profiles, thereby improving K absorption®*. These findings underscore the
importance of microbial-nutrient interactions in overcoming the limitations associated with low solubility of
K-bearing fertilizers.

Microbial inoculation also exerted pronounced effects on EOs content and secondary metabolite profiles.
In this study, EOs were extracted from dried plant material, which is a widely accepted approach in basil and
other aromatic plant research. Although some highly volatile constituents may be partially lost during air-
drying, drying at room temperature in the shade ensures minimal thermal degradation and provides a uniform
physiological baseline for all samples, particularly under controlled hydroponic cultivation. Expressing EOs
yield on a dry-weight basis allows for more reliable and reproducible comparisons across treatments, as fresh
weight would be strongly influenced by tissue water content. Any potential volatilization would have occurred
uniformly across all samples and therefore does not affect relative treatment comparisons. Numerous studies
have shown that PGPRs and AMF can enhance the synthesis of alkaloids, terpenoids, phenolics, and other
bioactive compounds in medicinal plants?*-%%, The enhancement of terpenoid constituents such as estragole,
linalool, and methyl eugenol observed in basil may be attributed to induced systemic resistance (ISR) activation,
improved nutrient status, and morphological modifications such as increased glandular trichome density®*%.
AMF-induced increases in trichome density and associated metabolite production have been reported for
Artemisia, Origanum, and Ocimum species®. The observed influence of phosphorus nutrition on secondary
metabolite pathways is also consistent with earlier findings indicating that P availability governs isoprenoid
biosynthesis through its roles in ATP and NADPH generation and acetyl-CoA metabolism!?. Collectively, these
observations suggest that the combined effects of improved nutrient acquisition, morphological adaptations, and
biochemical signaling drive the enhanced EOs yield and altered composition associated with PGPM inoculation.

From an applied perspective, the use of microbial inoculants offers a promising strategy to enhance yield
and quality in medicinal plant production while reducing reliance on chemical inputs. The diverse mechanisms
employed by beneficial microorganisms—including nutrient solubilization, hormone production, ISR induction,
and stress mitigation—align with global efforts toward sustainable, environmentally responsible agriculture®”.

This study demonstrates the potential of PGPM inoculation combined with optimized phosphorus
management to enhance basil growth, nutrient uptake, and essential oil production under controlled hydroponic
conditions. The methodologies developed here could be adapted to larger hydroponic systems, offering
opportunities for commercial or semi-commercial production. Scaling up would require adjustments such as
maintaining uniform distribution of nutrients and microbial inoculants, ensuring consistent root colonization,
and monitoring microbial population dynamics, biofilm formation, and interactions with system components.
Continuous aeration, improved mixing, automated nutrient delivery, and controlled-release formulations
of PGPMs may be necessary to sustain microbial activity over longer production cycles. Additionally, tighter
control of environmental parameters, including temperature, oxygen availability, and solution pH, would be
essential to preserve both microbial functionality and plant performance.

Future studies should focus on pilot-scale applications and long-term monitoring to validate these approaches
under commercial conditions. By addressing these challenges, the findings from this research can inform the
development of efficient, scalable, and sustainable hydroponic production systems for basil and other medicinal
or aromatic plants, bridging the gap between controlled experiments and practical agricultural applications.
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Conclusion

The findings of this study demonstrate that no single PGPM exhibited universal superiority across all evaluated
traits; rather, their beneficial effects were trait-specific. B. subtilis was the most effective in enhancing biomass
production and shoot phosphorus accumulation, while E mosseae maximized leaf area and estragole content
in EOs. P. agglomerans contributed markedly to improved relative water content and root phosphorus
concentration, whereas S. indica proved most efficient in increasing root potassium uptake and boosting EOs
percentage. These results highlight the functional diversity of PGPMs and underscore the importance of selecting
specific microbial inoculants tailored to targeted agronomic or phytochemical objectives. Collectively, the study
confirms that integrating PGPMs into hydroponic basil cultivation represents a sustainable biotechnological
strategy to enhance growth performance, optimize nutrient acquisition, and improve the yield and quality
of secondary metabolites, offering a promising eco-friendly alternative to chemical inputs in medicinal plant
production. Future research should focus on field-level validation and the exploration of specific microbial
strains to maximize their potential as biotechnological tools in medicinal plant production.

Materials and methods

Experimental site and experimental design

The experiment was carried out in the hydroponic research greenhouse of the Department of Horticultural
Science, University of Tabriz, Iran (38°27" N, 46°27" E; 1576 m a.s.l.). A factorial experiment was arranged
in a completely randomized design (CRD) with three replications. Treatments included three phosphorus
levels in Hoagland nutrient solution (10, 20, and 40 mg LY, representing deficient, moderate, and adequate
concentrations commonly used in hydroponic plant cultivation, and five microbial inoculation treatments:
Funneliformis mosseae, Serendipita indica, Bacillus subtilis, Pantoea agglomerans, and non-inoculated control.
The non-inoculated control was included to isolate the effects of microbial inoculation under identical nutrient
and substrate conditions. In the non-inoculated control, plants received the same substrate and nutrient solutions
as inoculated plants, but the substrate was autoclaved to exclude microbial activity. This factorial design allowed
the specific effects of microbial inoculation at each phosphorus level to be assessed, ensuring that observed
differences could be attributed solely to the microbial treatments.

The experiment was conducted under controlled greenhouse conditions, and treatments were randomly
assigned to minimize potential confounding variables. No issues with replication or confounding factors
were observed, and environmental conditions, nutrient solutions, and substrate composition were maintained
uniformly across all treatments.

Microbial inoculants

All microbial inoculants were obtained from the Soil Biology Laboratory, University of Tabriz. For the bacterial
treatments: Bacillus subtilis and Pantoea agglomerans were cultured separately in nutrient broth (NB) at 28 °C for
24 h under constant shaking at 130 rpm until reaching the logarithmic growth phase, which was monitored via
optical density (OD600). The bacterial suspensions were centrifuged, and the resulting pellets were resuspended
in sterile distilled water to a final concentration of 108 CFU mL™! for each bacterium, as determined by serial
dilution and plate count methods.

Inoculum of Funneliformis mosseae was produced using a trap culture system with sorghum (Sorghum bicolor)
as the host plant. A phosphorus-deficient sandy loam soil was used to produce the arbuscular mycorrhizal
fungal (AMF) inoculant. The soil had the following characteristics: organic C, 0.17% (w/w); available K, 198 mg
kg’lg available P (Olsen), 3 mg kg’l; electrical conductivity, 1.9 dS m~L; and pH, 7.56. Prior to use, the soil was
sterilized (121 °C, 1 bar, 1 h), and then used in as a carrier/substrate for the AMF inoculant. The inoculum
contained spores, hyphae, and colonized root fragments, and was standardized to 10’-10° infective propagules
per gram of substrate.

The Serendipita indica inoculum was produced by initially culturing the fungus on potato dextrose agar
(PDA) at 28 °C under sterile conditions. After a 10-day incubation period, the fungal colony surface (containing
both mycelia and spores) was carefully scraped using a sterile scalpel. The resulting biomass was then thoroughly
mixed into the sterilized soil substrate to create the final solid inoculant. To generate a solid-substrate inoculum
in a form comparable to the AMF inoculant, the fungal mass was thoroughly mixed into the same sterilized sandy
loam soil described above. The final fungal inoculums were standardized based on propagule density, achieving
a target concentration of 107 to 10® propagules per gram of carrier. All inoculants were freshly prepared prior to
application to ensure viability and consistency across treatments.

Plant material and growth conditions

Seeds of basil (Ocimum basilicum L., Tabriz landrace) were obtained from a certified commercial agricultural
supplier (Golbargepamchal.co, Tabriz, Iran). A voucher specimen of O. basilicum L. was prepared and deposited
in the Herbarium of the Faculty of Agriculture, University of Tabriz, under voucher number 16732, and plant
identification was carried out by specialists of this herbarium.

Seeds were sown in trays containing a sterile peat—perlite mixture (1:1, v/v). The substrate was autoclaved
prior to sowing to eliminate native microorganisms and ensure that root colonization resulted exclusively from
the applied microbial inoculants. Seedlings were irrigated uniformly with half-strength Hoagland nutrient
solution (pH 6.2) during the establishment period.

After establishment, seedlings were transplanted into 2-L pots filled with a cocopeat—perlite mixture (1:3, v/v)
and maintained under controlled greenhouse conditions. Air temperature was maintained at 22 +2 °C during
the day and 18 £2 °C at night, with relative humidity of 60+ 5% and a 16 h photoperiod under natural sunlight.
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Environmental parameters were controlled using automated ventilation and shading systems to minimize
temperature and humidity fluctuations.

Inoculation procedure and phosphorus treatments
Microbial inoculants were applied individually. Fungal inoculants were incorporated into the peat-perlite
growth substrate at sowing at a rate of 10 g inoculum per tray cell, ensuring uniform distribution within the
substrate. The fungal inoculum had a propagule density of 10’~10® per gram, providing sufficient potential for
effective root colonization. Bacterial suspensions (1 mL per tray cell) were applied directly to the root zone seven
days after germination. Non-inoculated control plants received the same amount of autoclaved fungal substrate
and sterile distilled water to maintain equivalent physical conditions while excluding microbial activity, thereby
isolating the effects of microbial inoculation under identical nutrient and environmental conditions.
Phosphorus treatments were initiated immediately after transplanting. From this stage onward, plants
were irrigated exclusively with modified Hoagland nutrient solutions containing the designated phosphorus
concentrations (10, 20, or 40 mg P L), corresponding to deficient, moderate, and adequate phosphorus levels.
Phosphorus concentrations were maintained constant throughout the experimental period until harvest.
Nutrient solutions were freshly prepared every three days, and electrical conductivity (EC) and pH were
monitored daily and adjusted to 6.2 to ensure stable nutrient availability.

Verification of root colonization

Root colonization by the inoculated fungi, F. mosseae and S. indica, was verified following the clearing and
staining procedures described by®®. Root samples were cleared in KOH, stained with trypan blue, and examined
microscopically. Percentage colonization was quantified using the gridline intersect method, allowing objective
and reproducible quantification. Root colonization by bacterial inoculants (B. subtilis and P. agglomerans) was
inferred based on observed phenotypic and physiological responses, including enhanced growth and nutrient
uptake, compared to non-inoculated controls.

Growth measurements and sampling

12 weeks after sowing, at full flowering stage, basil plants were harvested. Harvesting at full bloom is considered
optimal, as higher essential oil yield has been reported at this developmental stage compared with earlier growth
stages’®”L. Shoots and roots were separated and weighed for fresh biomass using a digital precision balance
(£0.01 g).

Root volume was determined immediately after harvest and prior to any drying procedures using the water
displacement method. Clean root systems were gently blotted to remove excess surface moisture and submerged
in a graduated cylinder containing a known volume of water, and the increase in water level was recorded as root
volume (mL). All measurements were performed using three biological replicates per treatment.

Dry weight was determined after air-drying samples at room temperature in the shade to constant weight.
This drying method was employed to minimize thermal degradation and volatilization of EOs constituents and
is commonly used in EOs studies of basil and other aromatic plants’>~>. Any potential loss of highly volatile
constituents during drying would have occurred uniformly across all samples and therefore does not affect the
relative comparison among treatments.

Determination of leaf area

Leaf area was measured using a leaf area meter (LI-3100, LI-COR Biosciences, USA). Fully expanded leaves were
detached and immediately scanned to minimize dehydration and shrinkage. Leaves were gently flattened and
arranged without overlap on the scanner conveyor to ensure accurate detection of leaf margins. The instrument
was calibrated according to the manufacturer’s instructions prior to measurements. Leaf area was recorded for
each plant and expressed as cm? plant™!. All measurements were performed in triplicate to reduce experimental
variability and potential measurement error.

Determination of relative water content (RWC)

Leaf relative water content (RWC) was determined following the method described by’®. Fresh weight (FW) was
recorded immediately after leaf sampling to minimize water loss due to transpiration. Leaves were rehydrated
in distilled water at 4 °C for 24 h to obtain turgid weight (TW). Prior to weighing, leaf surfaces were gently
blotted with filter paper to remove excess surface moisture and reduce weighing errors. Subsequently, samples
were oven-dried at 60 °C for 24 h until constant weight to determine dry weight (DW). All measurements
were conducted in triplicate to reduce experimental variability. Relative water content was calculated using the
equation:

(FW — DW)

Determination of phosphorus concentration

Plant shoot and root samples were thoroughly washed with distilled water to remove surface contaminants,
oven-dried at 70 °C to constant weight, ground to a fine powder, and subjected to wet acid digestion following”’.
Digestion was performed using analytical-grade reagents. To minimize contamination, all glassware and
plasticware were soaked in 10% (v/v) nitric acid for at least 24 h and thoroughly rinsed with distilled water prior
to use. The digested solutions were filtered, brought to a known volume with distilled water and used for both
phosphorus and potassium determinations.
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Phosphorus concentration in the digested extracts was determined colorimetrically using the phosphovanado-
molybdate method. In this assay, orthophosphate ions react with vanadate-molybdate reagent in an acidic
medium to form a yellow phosphovanado-molybdate complex with maximum absorbance at 430 nm. For
analysis, 0.5 mL of digested extract was mixed with 0.5 mL of nitrovanado-molybdate reagent and 2 mL of
distilled water. After incubation for 1 h at room temperature, absorbance was measured at 430 nm using a UV-
visible spectrophotometer (UV-2100, Unico, UK). Quantification was performed using an external calibration
curve prepared from potassium dihydrogen phosphate (KH,PO,) standard solutions with concentrations of 0,
2,4, 6,8,and 10 mg L™! P. Phosphorus concentrations in the samples were calculated using the linear regression
equation derived from the standard curve.

Determination of potassium concentration

Potassium concentration in plant shoot and root samples was determined using a flame photometric method
following the general procedure described by’8. After acid digestion, potassium was quantified using a flame
photometer (Corning 410, UK) equipped with a propane-air flame system. Prior to measurement, a 0.5 mL
aliquot of the digested plant extract was diluted with 4.5 mL of distilled water to ensure that the emission
intensity fell within the linear detection range of the instrument.

Potassium atoms were excited in the flame and emitted characteristic radiation at 766.5 nm, and the
emission intensity was recorded by the photometer. Instrument calibration was carried out using potassium
standard solutions prepared from potassium chloride (KCl). A series of standards (0, 2, 4, 6, 8, and 10 mg LK)
was prepared to generate a calibration curve and potassium concentrations in the samples were calculated
accordingly. Calibration standards were freshly prepared for each analytical run, and all measurements were
conducted in triplicate.

Extraction and analysis of the essential oils

The EOs content of aerial parts of treated basil plants at the full flowering stage was determined. EOs were
extracted from 40 g of dried plant material by hydrodistillation using a Clevenger-type apparatus for 3 h.
EOs content was calculated on a dry weight basis and expressed as percentage (v/w). The oils were dried over
anhydrous sodium sulfate, stored in dark glass vials, and maintained at 4 °C until analysis’®. EOs extraction was
performed using three independent biological replicates per treatment and extracted oils were subsequently
pooled into a composite sample for each treatment prior to chemical analysis, as commonly practiced in essential
oil research®8!, EOs content (% v/w) was calculated as follows:

volumeo fextractedoil(mL)
EO tent = 100
scontent(%v/w) dryweightofplantmaterial(g) x

The chemical composition of the EOs was analyzed using an Agilent 7890B gas chromatograph coupled with an
Agilent 5977 A mass spectrometer (GC-MS), equipped with an HP-5MS UI capillary column (30 m x 0.25 mm
i.d., 0.25 um film thickness). Helium (99.99% purity) was used as the carrier gas at a constant flow rate of 1 mL
min~' (linear velocity 36.4 cm s™!). The column temperature was programmed from 60 to 325 °C, with the
injection port maintained at 280 °C. One microliter of EOs was injected per run. Constituents were identified
based on retention indices, mass spectral data, and comparison with NIST and Wiley libraries.

Statistical analysis

Data were analyzed using analysis of variance (ANOVA) appropriate for a factorial experiment in a completely
randomized design, with three replications. Prior to analysis, data were examined for potential outliers using
boxplot analysis based on the 1.5 x interquartile range (IQR) criterion, and no statistical outliers were detected.
The assumptions of the ANOVA model, including normality and homogeneity of variance, were verified and
met. Mean comparisons were performed using Duncan’s multiple range test at P<0.05. All replications were
conducted under uniform experimental conditions, and no confounding variables were identified. Statistical
analyses were conducted using SPSS version 16.0. Standard deviations are reported in tables and graphs using
error bars.

Data availability
The datasets generated or analyzed during the current study are available from the corresponding author on
reasonable request.

Received: 9 December 2025; Accepted: 17 March 2026
Published online: 20 April 2026

References

1. Azizoglu, U. et al. The fate of plant growth-promoting rhizobacteria in soilless agriculture: Future perspectives. 3 Biotech 11, 382
(2021).

2. Prakash, S, Singh, R., Kumari, A. R. & Srivastava, A. K. Role of hydroponics towards quality vegetable production: An overview.
Int. J. Curr. Microbiol. Appl. Sci. 10, 252-259 (2020).

3. Dhawi, E The role of plant growth-promoting microorganisms (PGPMs) and their feasibility in hydroponics and vertical farming.
Metabolites 13, 247 (2023).

4. Mourouzidou, S., Ntinas, G. K., Tsaballa, A. & Monokrousos, N. Introducing the power of plant growth promoting microorganisms
in soilless systems: A promising alternative for sustainable agriculture. Sustainability 15, 5959 (2023).

5. Ikiz, B., Dasgan, H. Y. & Gruda, N. S. Utilizing the power of plant growth promoting rhizobacteria on reducing mineral fertilizer,
improved yield, and nutritional quality of Batavia lettuce in a floating culture. Sci. Rep. 14, 1616 (2024).

Scientific Reports |

(2026) 16:18397 | https://doi.org/10.1038/s41598-026-45285-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

6. McClintic, N., Chen, Z. & Park, Y. Evaluating organic fertilizers and microbial inoculation for soilless and hydroponic crop
production. HortScience 59, 552-560 (2024).

7. Renganathan, P, Gaysina, L. A. & Rueda-Puente, E. O. Microbial biofertilizers for salinity stress mitigation in hydroponic systems.
Curr. Issues Mol. Biol. 47, 1029 (2025).

8. Venkatasai, N. N. et al. A comprehensive review of factors affecting growth and secondary metabolites in hydroponically grown
medicinal plants. Planta 261, 48 (2025).

9. Smith, S. E. & Read, D. J. Mycorrhizal Symbiosis 3rd edn. (Academic Press, 1997).

10. Kumar, P, Pagano, M. & O’'Donovan, A. Mycosphere essay 18: Biotechnological advances of beneficial fungi for plants. Mycosphere
8, 445-455 (2017).

11. Chung, S., Lim, J. H. & Kim, S. D. Powder formulation using heat resistant endospores of two multi-functional plant growth
promoting rhizobacteria Bacillus strains having Phytophtora blight suppression and growth promoting functions. J. Korean Soc.
Appl. Biol. Chem. 53, 485-492 (2010).

12. Sarikhani, M. R., Aliasgharzad, N. & Khoshru, B. P solubilizing potential of some plant growth promoting bacteria used as
ingredient in phosphatic biofertilizers with emphasis on growth promotion of Zea mays L. Geomicrobiol. . 37, 327-335 (2020).

13. Kushwaha, R. K. et al. Soil microbes-medicinal plants interactions: ecological diversity and future prospect. In Plant Microbe
Symbiosis (eds. Varma, A., Tripathy, S. & Prasad, R.) 263-286 (Springer, 2020).

14. Altomare, C. & Tringovska, I. Beneficial soil microorganisms, an ecological alternative for soil fertility management. In Genetics,
Biofuels and Local Farming Systems (ed. Lichtfouse, E.) Sustainable Agriculture Reviews 7, 161-214 (Springer, 2011).

15. Malboobi, M. A. et al. Phosphate: the silent challenge. Prog. Biol. Sci. 4, 1-32 (2014).

16. Carstensen, A. et al. The impacts of phosphorus deficiency on the photosynthetic electron transport chain. Plant physiol. 177,
271-284 (2018).

17. Dizikisa, T. The effects of fertilization on secondary metabolite production in medicinal and aromatic Plants: A review study. Int.
J. Biomed. Res. 1 (2025).

18. Li, M. & Cai, L. Biochar and arbuscular mycorrhizal fungi play different roles in enabling maize to uptake phosphorus. Sustainability
13, 3244 (2021).

19. Lichtenthaler, H. K. Biosynthesis and accumulation of isoprenoid carotenoids and chlorophylls and emission of isoprene by leaf
chloroplasts. Bull. Georgian Natl. Acad. Sci. 3, 81-94 (2009).

20. L, J. et al. Microbial regulation of plant secondary metabolites: Impact, mechanisms and prospects. Microbiol. Res. 283, 127688
(2024).

21. Roshanpour, N., Darzi, M. T. & Hadi, M. H. S. Quantity and quality of essential oil of basil (Ocimum basilicum L.) under
biofertilizers application conditions. Int. . Adv. Biol. Biom. Res. 2, 2134-2142 (2014).

22. Dasgan, H. Y., Aldiyab, A., Elgudayem, E, Ikiz, B. & Gruda, N. S. Effect of biofertilizers on leaf yield, nitrate amount, mineral
content and antioxidants of basil (Ocimum basilicum L.) in a floating culture. Sci. Rep. 12, 20917 (2022).

23. Raei, Y. et al. The effect of Azospirillum bacteria and salicylic acid on drought stress tolerance in Ocimum basilicum L. medicinal
plant. Adv. Biores. 6, 44-53 (2015).

24. Kolega, S. et al. Nutraceutical profiles of two hydroponically grown sweet basil cultivars as affected by the composition of the
nutrient solution and the inoculation with Azospirillum brasilense. Front. Plant Sci. 11, 596000 (2020).

25. Khaosaad, T., Vierheilig, H., Nell, M., Zitterl-Eglseer, K. & Novak, J. Arbuscular mycorrhiza alter the concentration of essential oils
in oregano (Origanum sp., Lamiaceae). Mycorrhiza 16, 443-446 (2006).

26. Toussaint, J. P, Smith, F. A. & Smith, S. E. Arbuscular mycorrhizal fungi can induce the production of phytochemicals in sweet
basil irrespective of phosphorus nutrition. Mycorrhiza 17, 291-297 (2007).

27. Rouphael, Y. et al. Arbuscular mycorrhizal fungi act as biostimulants in horticultural crops. Sci. Hortic. 196, 91-108 (2015).

28. Elhindi, K. M., El-Din, A. S. & Elgorban, A. M. The impact of arbuscular mycorrhizal fungi in mitigating salt-induced adverse
effects in sweet basil (Ocimum basilicum L.). Saudi J. Biol. Sci. 24, 170-179 (2017).

29. Hristozkova, M. et al. Influence of mycorrhizal fungi and microalgae dual inoculation on basil plants performance. Gesunde
Pflanz. 70, 99-107 (2018).

30. Zare, M., Ganjeali, A. & Lahouti, M. Rosmarinic and caffeic acids contents in basil (Ocimum basilicum L.) are altered by different
levels of phosphorus and mycorrhiza inoculation under drought stress. Acta Physiol. Plant. 43, 1-10 (2021).

31. Othman, Y. A,, Alananbeh, K. M. & Tahat, M. M. Can arbuscular mycorrhizal fungi enhance crop productivity and quality in
hydroponics? A meta-analysis. Sustainability 16, 3662 (2024).

32. El-Tohamy, W. A,, El-Abagy, H. M., El-Greadly, N. H. M. & Gruda, N. Hormonal changes, growth and yield of tomato plants in
response to chemical and bio-fertilization application in sandy soils. J. Appl. Bot. Food Qual. 82, 179-182 (2012).

33. Ahmad, Z., Wu, ], Chen, L. & Dong, W. Isolated Bacillus subtilis strain 330-2 and its antagonistic genes identified by the removing
PCR. Sci. Rep. 7, 1777 (2017).

34. Kang, S. M., Hamayun, M., Khan, M. A,, Igbal, A. & Lee, L. J. Bacillus subtilis JW1 enhances plant growth and nutrient uptake of
Chinese cabbage through gibberellins secretion. J. Appl. Bot. Food Qual. 92, 172-178 (2019).

35. Chen, Q, Qiu, Y,, Yuan, Y., Wang, K. & Wang, H. Biocontrol activity and action mechanism of Bacillus velezensis strain SDTB038
against Fusarium crown and root rot of tomato. Front. Microbiol. 13, 994716 (2022).

36. Thomas, B. O. et al. Friends and foes: Bacteria of the hydroponic plant microbiome. Plants 13, 3069 (2024).

37. Baset, M. M., Shamsuddin, Z. H., Wahab, Z. & Marziah, M. Effect of plant growth promoting rhizobacterial (PGPR) inoculation
on growth and nitrogen incorporation of tissue-cultured Musa plantlets under nitrogen-free hydroponics condition. Aust. J. Crop
Sci. 4, 85-90 (2010).

38. Rueda, D. et al. Effect of Azospirillum spp. and Azotobacter spp. on the growth and yield of strawberry (Fragaria vesca) in
hydroponic system under different nitrogen levels. J. Appl. Pharm. Sci. 6, 48-54 (2016).

39. Zafar, M. et al. Effect of plant growth-promoting rhizobacteria on growth, nodulation and nutrient accumulation of lentil under
controlled conditions. Pedosphere 22, 848-859 (2012).

40. Giil, A., Ozaktan, H., Kidoglu, . & Tiizel, Y. Rhizobacteria promoted yield of cucumber plants grown in perlite under Fusarium
wilt stress. Sci. Hortic. 153, 22-25 (2013).

41. Shabani, E. et al. Stimulation in the movement and uptake of phosphorus in response to magnetic P solution and arbuscular
mycorrhizal fungi in Ocimum basilicum. J. Plant Nutr. 41, 1662-1673 (2018).

42. Khalediyan, N., Weisany, W. & Schenk, P. M. Arbuscular mycorrhizae and rhizobacteria improve growth, nutritional status and
essential oil production in Ocimum basilicum and Satureja hortensis. Ind. Crops Prod. 160, 113163 (2021).

43. Bolandnazar, S. The effect of mycorrhizal fungi on onion (Allium cepa L.) growth and yield under three irrigation intervals at field
condition. J. Food Agric. Environ. 7, 360-362 (2009).

44. Putra, A. M. et al. Growth performance and metabolic changes in lettuce inoculated with plant growth promoting bacteria in a
hydroponic system. Sci. Hortic. 327, 112868 (2024).

45. Poulton, J. L., Bryla, D., Koide, R. T. & Stephenson, A. G. Mycorrhizal infection and high soil phosphorus improve vegetative
growth and the female and male functions in tomato. New Phytol. 154, 255-264 (2002).

46. Canbolat, M. Y,, Bilen, S., Cakmakgi, R., Sahin, E & Aydin, A. Effect of plant growth-promoting bacteria and soil compaction on
barley seedling growth, nutrient uptake, soil properties and rhizosphere microflora. Biol. Fertil. Soils 42, 350-357 (2006).

47. Nawaz, A. et al. Potential of salt tolerant PGPR in growth and yield augmentation of wheat (Triticum aestivum L.) under saline
conditions. Front. Microbiol. 11, 2019 (2020).

Scientific Reports|  (2026) 16:18397 | https://doi.org/10.1038/s41598-026-45285-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

48.

49.

50.

Castiglione, A. M., Mannino, G., Contartese, V., Bertea, C. M. & Ertani, A. Microbial biostimulants as response to modern
agriculture needs: Composition, role and application of these innovative products. Plants 10, 1533 (2021).

Shah, T. et al. Mycorrhizosphere bacteria inhibit chromium uptake and phytotoxicity by regulating proline metabolism, antioxidant
defense system, and aquaporin gene expression in tomato. Environ. Sci. Pollut. Res. Int. 31, 24836-24850 (2024).

Hardie, K. The effect of removal of extraradical hyphae on water uptake by vesicular-arbuscular mycorrhizal plants. New Phytol.
101, 677-684 (1985).

51. Aliasgharzad, N., Neyshabouri, M. R. & Salimi, G. Effects of arbuscular mycorrhizal fungi and Bradyrhizobium japonicum on
drought stress of soybean. Biologia (Bratisl.) 61, S$324-S328 (2006).

52. Pooja, P. et al. Impact of arbuscular mycorrhizal symbiosis on photosynthetic, antioxidant enzyme, and water flux parameters in
salt-stressed chickpea (Cicer arietinum) plants. Agronomy 15, 247 (2025).

53. Dutkiewicz, J., Mackiewicz, B., Lemieszek, M. K., Golec, M. & Milanowski, . Pantoea agglomerans: A mysterious bacterium of evil
and good. Part IV. Beneficial effects. Ann. Agric. Environ. Med. 23, 206-222 (2016).

54. Prasad, K., Aggarwal, A, Yadav, K. & Tanwar, A. Impact of different levels of superphosphate using arbuscular mycorrhizal fungi
and Pseudomonas fluorescens on Chrysanthemum indicum L. J. Soil Sci. Plant Nutr. 12, 451-462 (2012).

55. An-Dong, S. H. L, Qian, L. I, Huang, J. G. & Ling, Y. U. A. N. Influence of arbuscular mycorrhizal fungi on growth, mineral
nutrition and chlorogenic acid content of Lonicera confusa seedlings under field conditions. Pedosphere 23, 333-339 (2013).

56. Zhang, L. et al. Carbon and phosphorus exchange may enable cooperation between an arbuscular mycorrhizal fungus and a
phosphate-solubilizing bacterium. New Phytol. 210, 1022-1032 (2016).

57. Meena, V. S. et al. (eds) Potassium Solubilizing Microorganisms for Sustainable Agriculture Vol. 331 (Springer, 2016).

58. Zhang, C. & Kong, E Isolation and identification of potassium-solubilizing bacteria from tobacco rhizospheric soil and their effect
on tobacco plants. Appl. Soil Ecol. 82, 18-25 (2014).

59. Linderman, R. G. Mycorrhizal interactions with the rhizosphere microflora: The mycorrhizosphere effect. Phytopathology 78,
366-371 (1988).

60. Liu, A. et al. Concentrations of K, Ca and Mg in maize colonized by arbuscular mycorrhizal fungi under field conditions. Can. J.
Soil Sci. 82, 272-278 (2002).

61. De la Rosa-Mera, C. J., Ferrera-Cerrato, R., Alarcén, A., de Jesus Sanchez-Colin, M. & Mufioz-Muiiz, O. D. Arbuscular
mycorrhizal fungi and potassium bicarbonate enhance the foliar content of the vinblastine alkaloid in Catharanthus roseus. Plant
Soil 349, 367-376 (2011).

62. Sailo, G. L. & Bagyaraj, D. J. Influence of different AM-fungi on the growth, nutrition and forskolin content of Coleus forskohlii.
Mycol. Res. 109, 795-798 (2005).

63. Yang, L., Chen, M. L., Shao, A. J. & Yang, G. Discussion on applications and mechanisms of biocontrol microorganisms used for
controlling medicinal plant soil-borne diseases. Zhongguo Zhong Yao Za Zhi 37, 3188-3192 (2012).

64. Irankhah, S., Ganjeali, A., Mashreghi, M. & Lari, Z. Mixed inoculum of rhizobacteria and arbuscular mycorrhizal fungus enhances
diosgenin contain and phosphorus uptake in fenugreek under drought stress. Rhizosphere 18, 100338 (2021).

65. Zeng, Y. et al. Arbuscular mycorrhizal symbiosis and active ingredients of medicinal plants: Current research status and
prospectives. Mycorrhiza 23, 253-265 (2013).

66. Kapoor, R., Chaudhary, V. & Bhatnagar, A. K. Effects of arbuscular mycorrhiza and phosphorus application on artemisinin
concentration in Artemisia annua L. Mycorrhiza 17, 581-587 (2007).

67. Egamberdieva, D. & Teixeira da Silva, J.A. Medicinal plants and PGPR: a new frontier for phytochemicals. In Plant-Growth-
Promoting Rhizobacteria (PGPR) and Medicinal Plants (eds. Egamberdieva, D., Shrivastava, S. & Varma, A.) Soil Biology, vol. 42,
287-303 (Springer, Cham, 2015).

68. Giovannetti, M. & Mosse, B. An evaluation of techniques for measuring vesicular arbuscular mycorrhizal infection in roots. New
Phytol. 84, 489-500 (1980).

69. Kormanik, P. P. & McGraw, A. C. Quantification of vesicular-arbuscular mycorrhizae in plant roots. In Methods and Principles of
Mycorrhizal Research (ed. Schenck, N. C.) 37-45 (American Phytopathological Society, 1982).

70. Tonger, O., Karaman, S., Diraz, E., & Tanst, L. E.Y.L.A. Essential oil composition of Ocimum basilicum L. at different phenological
stages in semi-arid environmental conditions. Fresenius Environ. Bull. 26 (2017).

71. Kholiya, S., Punetha, A., Kumar, D., Upadhyay, R. K. & Padalia, R. C. Essential oil yield and composition of Ocimum basilicum L.
at different phenological stages, plant density and post-harvest drying methods. S. Afr. J. Bot. 151, 919-925 (2022).

72. Hassanpouraghdam, M. B., Hassani, A., Vojodi, L. & Farsad-Akhtar, N. Drying method affects essential oil content and composition
of basil (Ocimum basilicum L.). ]. Essent. Oil Bear. Plants 13, 759-766 (2010).

73. Ghasemi Pirbalouti, A., Mahdad, E. & Craker, L. Effects of drying methods on qualitative and quantitative properties of essential
oil of two basil landraces. Food Chem. 141, 2440-2449 (2013).

74. Bhatt, S. et al. Optimization of different drying methods and its impact on antioxidant potential of Ocimum basilicum L. Discov.
Appl. Sci. 6, 248 (2024).

75. Vishwakarma, J. et al. Effect of drying methods on yield and quality attributes of clove basil (Ocimum gratissimum L.) leaves
essential oil. J. Sci. Res. Rep. 32, 365-370 (2026).

76. Yamasaki, S. & Dillenburg, L. R. Measurements of leaf relative water content in Araucaria angustifolia. Braz. J. Plant Physiol. 11,
69-75 (1999).

77. Enders, A. & Lehmann, J. Comparison of wet-digestion and dry-ashing methods for total elemental analysis of biochar. Commun.
Soil Sci. Plant Anal. 43, 1042-1052 (2012).

78. Havre, G. N. The flame photometric determination of sodium, potassium and calcium in plant extracts with special reference to
interference effects. Anal. Chim. Acta 25, 557-566 (1961).

79. Omidbaigi, R., Hassani, A. & Sefidkon, E. Essential oil content and composition of sweet basil (Ocimum basilicum) at different
irrigation regimes. J. Essent. Oil-Bear. Plants 6, 104-108 (2003).

80. Nurcholis, W. et al. Comparative analysis of volatile compounds and biochemical activity of Curcuma xanthorrhiza Roxb. essential
oil extracted from distinct shaded plants. Plants 13, 2682 (2024).

81. Mohammadi, K. et al. External application of growth regulators modulates morpho-physiological traits and biochemical profiles
of fennel. Sci. Rep. 15, 41667 (2025).

Acknowledgements

The authors gratefully acknowledge the technical assistance provided by the staff of the Horticultural Sciences
Department Laboratory, Faculty of Agriculture, University of Tabriz.

Author contributions

E M. performed the experiments, collected and analyzed the data, and drafted the manuscript. S. B. conceived
and designed the study and assisted with data analysis. S. A. S. contributed to methodology and manuscript
editing. M. S. prepared microbial inocula and revised the manuscript. All authors approved the final version and
are accountable for the work.

Scientific Reports|  (2026) 16:18397 | https://doi.org/10.1038/s41598-026-45285-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to S.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2026

Scientific Reports |

(2026) 16:18397 | https://doi.org/10.1038/s41598-026-45285-8 nature portfolio


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿Plant growth-promoting microorganisms and phosphorus levels influence growth, nutrient uptake, and secondary metabolites in hydroponic basil
	﻿Results
	﻿Plant growth and biomass production
	﻿Leaf area
	﻿Relative water content (RWC)
	﻿Phosphorus (P) concentration
	﻿Potassium (K) concentration
	﻿Secondary metabolites and EOs composition

	﻿Discussion
	﻿Conclusion
	﻿Materials and methods
	﻿Experimental site and experimental design
	﻿Microbial inoculants
	﻿Plant material and growth conditions
	﻿Inoculation procedure and phosphorus treatments
	﻿Verification of root colonization
	﻿Growth measurements and sampling
	﻿Determination of leaf area
	﻿Determination of relative water content (RWC)
	﻿Determination of phosphorus concentration
	﻿Determination of potassium concentration
	﻿Extraction and analysis of the essential oils
	﻿Statistical analysis

	﻿References


