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A B S T R A C T 

The use of microbial biostimulants has become an important strategy for improving the 
productivity and quality of soilless vegetable production systems. However, the potential 

role of lactic acid bacteria (LAB) in hydroponic crop production remains insufficiently 

explored. This study evaluated the effects of three LAB strains, namely 
Lactiplantibacillus plantarum (LP), Levilactobacillus brevis (LB), and Pediococcus 

pentosaceus (PP), their combined mixture, and a commercial PGPR-based product, 

Rhizofill, on the growth, yield, physiological performance, and nutritional quality of 
lettuce grown in a floating hydroponic system. The experiment was conducted under 

greenhouse conditions using Batavia-type lettuce cv. ‘Caipira’ in a randomized complete 

block design with four replications. Bacterial suspensions were applied to the nutrient 

solution at 7-day intervals. Bacterial inoculations significantly improved plant growth, 
yield, SPAD chlorophyll index, leaf sap EC, and antioxidant-related quality traits 

compared with the untreated control. Among the tested treatments, LP showed the 

strongest overall performance, increasing plant fresh weight and total yield by 34.0% 
and 36.0%, respectively, compared with the control. LP also enhanced total phenolic, 

flavonoid, and L-ascorbic acid contents, indicating a simultaneous improvement in 

productivity and nutritional quality. LB was particularly effective in promoting root 
fresh weight and produced the lowest nitrate accumulation among all treatments. 

Compared with Rhizofill, LP showed equal or superior performance in several growth 

and quality parameters, suggesting that selected LAB strains may provide an effective 
alternative to conventional PGPR-based microbial biostimulants. Overall, the findings 

highlight the potential of LAB, particularly L. plantarum, as emerging microbial 

biostimulants for sustainable hydroponic lettuce production. 

I NT RO DUCTI O N  

Global climate change and the increasing frequency of extreme environmental events are continuously reshaping ecosystems 

worldwide, including agricultural production systems (Ebert et al., 2020). At the same time, the rapid growth of the global 

population, projected to reach 9.7 billion by 2050, has intensified the demand for higher food production. To meet this 

demand, excessive and often uncontrolled use of synthetic fertilizers and pesticides has become widespread, resulting in 

severe environmental degradation, reduced soil health, biodiversity loss, and potential risks to human health. Under these 

conditions, achieving sustainable agricultural productivity with limited arable land has emerged as one of the major global 

challenges. Consequently, considerable attention has been directed toward environmentally friendly and sustainable 

agricultural technologies capable of reducing dependence on chemical inputs while maintaining crop productivity and 

quality. 

Over the past three decades, various innovative approaches have been developed to improve agricultural efficiency and 

sustainability. Among these, plant biostimulants have gained substantial scientific and commercial interest due to their ability 

to enhance plant growth and stress tolerance through natural biological mechanisms (Bulgari et al., 2015; Colla and 

Rouphael, 2015; Yakhin et al., 2017; Rouphael and Colla, 2018; Chiaiese et al., 2018). Unlike conventional fertilizers and 

plant protection products, biostimulants act independently of direct nutrient supply and do not directly target pests or 

pathogens. Instead, they stimulate physiological and biochemical processes that improve plant performance. According to 
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the  European Regulation (EU 2019/1009), plant biostimulants are defined as products that stimulate plant nutrition processes 

with the aim of improving nutrient use efficiency, tolerance to abiotic stress, crop quality traits, and nutrient availability in 

the rhizosphere (Rouphael and Colla, 2020). Therefore, biostimulants are increasingly regarded as key tools for sustainable 

crop production systems. 

Among biostimulants, microbial-based products have attracted particular attention because of their multifunctional effects 

on plant growth and health. Beneficial microorganisms, especially plant growth-promoting rhizobacteria (PGPR), represent 

one of the most extensively studied groups of microbial biostimulants (Du Jardin, 2015). PGPR colonize the rhizosphere 

and contribute to plant growth through several mechanisms, including enhanced nutrient uptake, phytohormone production, 

improved mineral availability, suppression of phytopathogens, and increased tolerance to biotic and abiotic stresses. 

Commonly used PGPR genera include Rhizobium, Azotobacter, Azospirillum, Pseudomonas, and Bacillus species 

(Lugtenberg, 2015; Rouphael and Colla, 2020). Due to these beneficial effects, PGPR-based formulations are increasingly 

utilized in sustainable and soilless agricultural systems. 

In recent years, lactic acid bacteria (LAB) have also emerged as promising beneficial microorganisms in agricultural 

applications. Although LAB are traditionally associated with food fermentation processes, increasing evidence indicates that 

they can play important roles in plant growth promotion and biological control. The potential use of LAB for plant protection 

and plant growth enhancement was first proposed in the 1980s by Visser et al. (1986) and Higa and Kinjo (1989). Since 

then, numerous studies have demonstrated that LAB can produce antimicrobial compounds capable of suppressing various 

bacterial and fungal phytopathogens (Gajbhiye and Kapadnis, 2016; Daranas et al., 2019; Duha and Abdullah, 2021). In 

addition, several LAB strains have shown the ability to improve nutrient availability, stimulate plant growth, and enhance 

stress tolerance. Among LAB species, Pediococcus pentosaceus has attracted particular attention due to its strong 

antimicrobial activity associated with bacteriocin and bacteriocin-like inhibitory substance (BLIS) production. Furthermore, 

certain strains of P. pentosaceus exhibit probiotic, antioxidant, anti-inflammatory, detoxifying, and lipid-lowering properties 

(Jiang et al., 2021). These multifunctional characteristics highlight the potential of LAB as sustainable microbial 

biostimulants in crop production systems. 

Lettuce (Lactuca sativa L.) is one of the most widely consumed leafy vegetables worldwide and is generally consumed fresh, 

making product hygiene and quality critically important (Frasetya et al., 2018). In this context, hydroponic cultivation 

systems have become increasingly popular due to their advantages over conventional soil cultivation, including improved 

hygiene, more uniform plant growth, efficient nutrient management, and the possibility of higher planting densities 

(Hopkinson and Harris, 2019). Various hydroponic systems are currently used in lettuce production, such as aeroponics, 

deep water culture (DWC), nutrient film technique (NFT), deep flow technique (DFT), ebb-and-flow systems (EFS), and 

floating raft systems (FRS) (Frasetya et al., 2021; Ikiz et al. 2025;  Celebi et al., 2026). Despite the increasing use of microbial 

biostimulants in hydroponic cultivation, studies investigating the effects of LAB on hydroponically grown lettuce remain 

limited. 

Therefore, the main objective of this study was to evaluate the effects of different lactic acid bacteria (LAB) strains on the 

growth, physiological, and biochemical characteristics of hydroponically grown lettuce and to compare their performance 

with a commercial PGPR-based product, Rhizofill, containing Bacillus subtilis, Bacillus megaterium, and Pseudomonas 

fluorescens. 

M AT ERI ALS AND M ET HO DS  

The experiment was conducted in a greenhouse located in a region with a Mediterranean climate, during the winter growing 

season, at 36°59′ north latitude and 35°18′ east longitude, at an altitude of 23 m above sea level. The research was conducted 

between January and March. In the 45 m long and 12 m wide greenhouse, daytime temperatures ranged from 18–23 °C and 

nighttime temperatures from 14–16 °C. Relative humidity ranged between 60-70%, and the greenhouse benefited 

significantly from natural sunlight. 

As plant material, the Batavia-type lettuce variety 'Caipira'® (Lactuca sativa L. var. crispa) from the seed company Enza 

Zaden was used. Cultivation was done using a floating hydroponic system set up in 50 L containers where the roots were 

immersed in an aerated nutrient solution (Figure 1). The experiment was arranged according to a randomized complete block 

experimental design, with four replications for each treatment and fifteen plants per replication. Each tank represented one 

replication.  In this experiment, lettuce plants were grown at a spacing of 15 × 15 cm, corresponding to a planting density of 

44.44 plants m⁻² (Figure 2). 

The plants in the control group were treated with a nutrient solution consisting entirely of mineral fertilizers. The composition 

of the nutrient solution (mg L⁻¹) is as follows (İkiz et al, 2024a and İkiz et al, 2024b): N (200), P (50), K (300), Ca (200), 

Mg (65), Fe (5.0), Mn (0.8), Cu (0.3), Zn (0.3), B (0.3), and Mo (0.05). Calcium nitrate, potassium sulfate, monopotassium 

phosphate, magnesium sulfate, potassium nitrate, Fe-EDDHA, zinc sulfate, boric acid, manganese sulfate, copper sulfate, 

and ammonium molybdate were used in the preparation of the solution. Fourteen-day-old lettuce seedlings were transplanted 

into a hydroponic growing system. Bacterial inoculation applied to the root zone of plants was initiated simultaneously with 

seedling transfer. 
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Hydroponic System Management 

The nutrient solution was managed regularly throughout the experiment to maintain suitable conditions for lettuce growth 

in the floating hydroponic system. The electrical conductivity (EC) of the nutrient solution was initially adjusted to 1.1 dS 

m⁻¹ and was gradually increased up to 2.9 dS m⁻¹ according to plant growth stage and nutrient demand. The pH of the 

nutrient solution was maintained at 5.5 throughout the experiment. EC and pH values were measured daily using a portable 

EC/pH meter, and necessary adjustments were made when required. Water and mineral nutrient supplements were added to 

compensate for plant uptake and solution losses, and the nutrient solution in each tank was completely renewed once a week. 

Continuous aeration was provided using an air pump to maintain sufficient oxygen availability in the root zone. 

  

Figure 1. Representative view of root development and plant growth of hydroponically grown lettuce under bacterial 

inoculation treatments 

 

Figure 2. General view of hydroponically grown lettuce plants under different bacterial inoculation treatments during the 

experimental period in greenhouse 

Types and Applications of Bacteria  

In this study, six treatments were evaluated in hydroponic lettuce cultivation: three individual lactic acid bacteria (LAB) 

strains, namely Lactiplantibacillus plantarum (LP), Levilactobacillus brevis (LB), and Pediococcus pentosaceus (PP); a 

mixture of these LAB strains; a commercial PGPR-based product, Rhizofill; and an untreated control. Rhizofill is a 

commercial microbial formulation containing Bacillus subtilis, Bacillus megaterium, and Pseudomonas fluorescens. The 

LAB strains used in the present study were isolated from traditional sourdough samples within the scope of an ongoing PhD 

dissertation conducted by İlker Yıldız under the supervision of Prof. Dr. Hüseyin Erten (Yıldız, unpublished data). The 

isolates were initially characterized based on morphological and biochemical tests and were subsequently confirmed by 16S 

rRNA gene sequencing. The selected LAB strains were maintained under appropriate laboratory conditions until their use 
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in the hydroponic experiment. Prior to application, bacterial suspensions were prepared and adjusted to a final concentration 

of 1 × 10⁹ CFU mL⁻¹ based on OD600 measurements, and the viable cell density was confirmed by plate count enumeration. 

Bacterial suspensions were applied at a rate of 1 mL L⁻¹ by inoculating 50 mL into each 50-L nutrient solution container. 

Applications were repeated at 7-day intervals and delivered directly to the root zone through the nutrient solution. 

Based on the applied dose, the estimated initial bacterial concentration in the nutrient solution immediately after inoculation 

was approximately 1 × 10⁶ CFU mL⁻¹. However, bacterial population dynamics in the nutrient solution during the growing 

period were not monitored. 

Evaluation of Plant Growth Parameters  

The fresh weights of the harvested lettuce plants were measured individually. The height of each plant was measured from 

the root collar to the leaf tips using a ruler and recorded. The total number of leaves per plant was determined. Leaf area was 

measured using a leaf area meter (Li-3100, LICOR, Lincoln, NE, USA) and the results were expressed as cm² plant⁻¹ (Dasgan 

et al., 2022). Data on the chlorophyll content of the leaves were determined using a portable chlorophyll meter (SPAD-502, 

Minolta, Osaka, Japan) (Dasgan et al., 2024). Lettuce leaves were weighed fresh and fresh weight (FW) values were 

recorded. Subsequently, leaf samples were dried in an oven at 65 °C for 24 h and reweighed to determine dry matter content. 

The dry matter content (DW %) was calculated using the following formula (Mingil and Dasgan 2026): 

DW(%)=100×DW/FW 

Determination of Lettuce Yield  

Total lettuce yield was expressed in kg m-2 at the end of the 40-day growing period. 

Analysis of Total Phenolic, Flavonoid, Vitamin C, and Nitrate in Lettuce Leaves  

The total phenolic compound content was determined according to the modified spectrophotometric method of Spanos and 

Wrolstad (1990), as adapted by Dasgan et al. (2023a). Absorbance values were measured at 765 nm using a UV-1700 

PharmaSpec Shimadzu spectrophotometer (Japan). Quantification was performed based on a calibration curve prepared with 

gallic acid as the standard. The total flavonoid content was determined according to the modified method of Quettier-Deleu 

et al. (2000), as adapted by Dasgan et al. (2023b). Spectrophotometric measurements were performed at 415 nm using a UV-

1700 PharmaSpec Shimadzu spectrophotometer (Japan). Quantification was carried out using a calibration curve prepared 

with rutin as the standard. The ascorbic acid (vitamin C) content was determined according to the modified method of 

Elgailani et al. (2017), as adapted by Dasgan et al. (2024). Fresh leaf extracts were used for the analysis, and the results were 

expressed as mg 100 g⁻¹ fresh weight (FW). Nitrate content determination was performed according to the salicylic acid 

method developed by Cataldo et al. (1975). Measurements were performed colorimetrically at a wavelength of 410 nm, and 

the obtained values were expressed as µg NO₃⁻-N (ppm) on a fresh weight basis (Keskin et al., 2025). 

Statistical Analysis 

The experiment was arranged in a randomized complete block design with four replications, and each replication consisted 

of fifteen plants. Data were subjected to analysis of variance (ANOVA) using JMP statistical software (SAS Institute Inc., 

Cary, NC, USA). The effects of bacterial inoculation treatments were evaluated as the main factor in the statistical model. 

When significant differences were detected, treatment means were compared using the Least Significant Difference (LSD) 

test at p ≤ 0.05. Results are presented as treatment means, and different letters within the same column in tables or above 

bars in figures indicate statistically significant differences among treatments. 

RESULT S  

Plant Growth, Morphological Responses and Lettuce Yield 

Table 1 shows that bacterial inoculations significantly affected the morphological characteristics of hydroponically grown 

lettuce plants. Among the treatments, LP produced the highest plant height (25.10 cm), corresponding to a 21.4% increase 

compared with the control (20.67 cm). Mix LAB also significantly increased plant height by 13.1%, followed by PP and 

Rhizofill, which increased plant height by 6.9% and 6.2%, respectively. In contrast, LB did not differ from the control in 

terms of plant height. 

Plant width was also markedly influenced by bacterial applications. The highest plant width was obtained from LP (57.03 

cm), representing a 27.4% increase compared with the control (44.75 cm). PP and Mix LAB showed similar responses, both 

increasing plant width by 15.0%, while LB increased plant width by 7.9%. Rhizofill had the lowest effect on this parameter, 

with only a 2.2% increase relative to the control. 

Significant differences were also observed in plant circumference. LP treatment resulted in the highest circumference value 

(82.28 cm), corresponding to a 90.6% increase compared with the control (43.18 cm). Rhizofill ranked second with a 42.3% 

increase, followed by PP, Mix LAB, and LB, which increased plant circumference by 23.8%, 22.8%, and 20.2%, 

respectively. These findings indicate that LP was particularly effective in improving overall vegetative growth and plant 

vigor. 

Stem diameter was significantly affected by bacterial inoculations as well. The highest stem diameter was recorded in LP-

treated plants (30.14 mm), representing a 55.0% increase compared with the control (19.44 mm). PP increased stem diameter 

by 9.4%, while LB and Rhizofill resulted in moderate increases of 6.4% and 3.0%, respectively. In contrast, Mix LAB 
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reduced stem diameter by 10.3% relative to the control. Overall, LP treatment consistently produced the greatest 

improvements in the morphological characteristics of hydroponically grown lettuce. 

Table 1. Effects of different bacterial inoculations on the morphological growth characteristics of hydroponically grown 

lettuce 

Treatments Plant height 

(cm) 

Plant width 

(cm) 

Plant circumference (cm) Stem diameter  

(mm) 

Control 20.67c 44.75 d 43.18 d 19.44 bc 

LP 25.10 a 57.03 a 82.28 a 30.14 a 

LB 20.67 c  48.28 bcd 51.89 cd 20.69 bc 

PP 22.10 bc 51.46 ab 53.46 bc 21.26 b 

Mix LAB 23.38 ab 51.46 ab 53.03 bc 17.43 c 

Rhizofill 21.95 bc 45.75 cd 61.46 b 20.02 bc 

LSD 2.44 5.58 9.4 3.37 

p 0.005 0.001 0.001 0.001 

Lactiplantibacillus plantarum (LP), Levilactobacillus brevis (LB), Pediococcus pentosaceus (PP), lactic acid bacteria (LAB). Rhizofill 

contains a mixture of Bacillus subtilis, Bacillus megaterium, and Pseudomonas fluorescens. LSD: least significant difference. Different 

letters within the same column indicate significant differences according to the LSD test at p ≤ 0.05. NS: not significant. 

Root Growth and Yield-Related Parameters 

Bacterial inoculations significantly affected root growth and yield-related parameters of hydroponically grown lettuce plants 

(Table 2). The highest root length was obtained from the LP treatment (52.85 cm), corresponding to a 40.7% increase 

compared with the control (37.57 cm). PP increased root length by 10.6%, while Rhizofill and Mix LAB provided moderate 

increases of 5.7% and 4.2%, respectively. In contrast, LB showed a slight reduction of 2.3% relative to the control. Plant 

fresh weight was also significantly enhanced by bacterial applications. The highest plant weight was recorded in LP-treated 

plants (402 g), representing a 34.0% increase compared with the control (300 g). Rhizofill, LB, and Mix LAB treatments 

also substantially increased plant fresh weight by 24.0%, 23.0%, and 22.0%, respectively, whereas PP resulted in a relatively 

lower increase of 8.3%. Overall, all bacterial inoculations improved plant biomass production, with LP showing the strongest 

stimulatory effect. Significant differences were likewise observed in root fresh weight. LB produced the highest root weight 

(33.16 g), corresponding to a 58.9% increase compared with the control (20.87 g). Rhizofill and Mix LAB also markedly 

enhanced root weight by 37.0% and 29.4%, respectively, while LP and PP increased root weight by 21.9% and 16.4%, 

respectively. These findings indicate that LB was the most effective treatment for promoting root biomass development in 

hydroponically grown lettuce. 

In contrast, bacterial inoculations did not significantly affect leaf number. Although all microbial treatments numerically 

increased leaf count compared with the control, these differences were not statistically significant. 

Table 2. Effects of different bacterial inoculations on root growth and yield-related characteristics of hydroponically grown 

lettuce 

Treatments Root length (cm) Plant fresh weight 

 (g plant-1) 

Root fresh weight   

(g plant-1) 

Leaf number per plant 

Control 37.57 b 300 c 20.87 c 21.4 

LP 52.85 a 402 a 25.44 bc 25.2 

LB 36.71 b 369 a 33.16 a 25.2 

PP 41.57 b 325 bc 24.30 bc 23.7 

Mix LAB 39.14 b 366  ab 27.01 b 23.2 

Rhizofill 39.71 b 372 a 28.58 ab 24.5 

LSD 9.51 40.99 5.43 NS 

p 0.01 0.001 0.001 NS 

Lactiplantibacillus plantarum (LP), Levilactobacillus brevis (LB), Pediococcus pentosaceus (PP), lactic acid bacteria (LAB). Rhizofill 

contains a mixture of Bacillus subtilis, Bacillus megaterium, and Pseudomonas fluorescens. LSD: least significant difference. Different 

letters within the same column indicate significant differences according to the LSD test at p ≤ 0.05. NS: not significant. 

SPAD Chlorophyll Index, Leaf Sap pH and EC 

Bacterial inoculations significantly influenced SPAD chlorophyll index and leaf sap EC, whereas leaf sap pH was not 

significantly affected (Table 3). The highest SPAD value was recorded in the Mix LAB treatment (28.70), followed by PP 

(27.70), LB (27.30), Rhizofill (26.89), and LP (26.69), while the lowest value was observed in the control treatment (24.97). 

Leaf sap pH values ranged from 6.70 to 7.06 and did not differ statistically among treatments. In contrast, leaf sap EC 

differed significantly depending on bacterial inoculation. The highest EC value was recorded in LP-treated plants (7.46 dS 

m⁻¹), followed by Rhizofill (7.00 dS m⁻¹), whereas the lowest EC value was observed in the control treatment (5.61 dS m⁻¹).  
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Table 3. Effects of different bacterial inoculations on SPAD chlorophyll index, leaf sap pH, and leaf sap EC of 

hydroponically grown lettuce 

Treatments SPAD chlorophyll  pH EC (dSm−1) 

Control 24.97 c 6.74 5.61 c 

LP 26.69 b 6.75 7.46 a 

LB 27.30 ab 6.75 6.68 bc 

PP 27.70 ab 6.7 6.23 bc 

Mix LAB 28.70 a 6.72 6.55 b 

Rhizofill 26.89 b 7.06 7.00 ab 

LSD 1.52 N.S. 0.51 

p 0.001 N.S. 0.01 

Lactiplantibacillus plantarum (LP), Levilactobacillus brevis (LB), Pediococcus pentosaceus (PP), lactic acid bacteria (LAB). Rhizofill 

contains a mixture of Bacillus subtilis, Bacillus megaterium, and Pseudomonas fluorescens. LSD: least significant difference. Different 

letters within the same column indicate significant differences according to the LSD test at p ≤ 0.05. NS: not significant. 

Total Yield 

Lettuce total yield was significantly influenced by bacterial inoculations (Figure 3). The lowest yield was recorded in the 

control treatment (13.52 kg m⁻²), whereas the highest yield was obtained from the LP application (18.39 kg m⁻²), 

corresponding to a 36.0% increase compared with the control. Rhizofill and LB treatments also markedly enhanced yield, 

reaching 16.69 and 16.49 kg m⁻², which represented increases of 23.4% and 22.0%, respectively. Similarly, Mix LAB 

increased total yield by 20.8%, reaching 16.33 kg m⁻². In contrast, PP produced a comparatively lower yield increase, 

reaching 14.62 kg m⁻², corresponding to an 8.1% increase relative to the control. 

 

Figure 3. Effects of different bacterial inoculations on the total yield of hydroponically grown lettuce (kg m⁻²).  

Lactiplantibacillus plantarum (LP), Levilactobacillus brevis (LB), Pediococcus pentosaceus (PP), lactic acid bacteria 

(LAB). Rhizofill contains a mixture of Bacillus subtilis, Bacillus megaterium, and Pseudomonas fluorescens. Different 

letters above the bars indicate significant differences among treatments according to the LSD test at p ≤ 0.05. 

Antioxidant Compounds and Nitrate Accumulation 

Significant differences were observed among bacterial applications in terms of total phenolic content (Table 4). The highest 

total phenolic content was recorded in the LP treatment (75.83 mg GAE g⁻¹), representing a 17.5% increase compared with 

the control (64.52 mg GAE g⁻¹). LB also increased total phenolic content by 5.4%, whereas Rhizofill remained close to the 

control, showing a slight decrease of 2.4%. In contrast, Mix LAB and PP treatments reduced total phenolic content by 28.3% 

and 14.1%, respectively. These findings indicate that LP strongly stimulated phenolic compound accumulation in 

hydroponically grown lettuce.  

Total flavonoid content was also significantly influenced by bacterial inoculations (P = 0.001). The control treatment showed 

a flavonoid content of 105.17 mg RU g⁻¹, while the highest value was obtained from LP (154.45 mg RU g⁻¹), corresponding 

to a 46.9% increase. LB also markedly enhanced flavonoid accumulation, increasing the value by 39.3%. Mix LAB and 

Rhizofill treatments increased flavonoid content by 27.0% and 22.0%, respectively, whereas PP resulted in a comparatively 

lower increase of 19.7%. Overall, LP and LB applications were the most effective treatments for enhancing flavonoid 

accumulation in lettuce leaves. 

Ascorbic acid content significantly varied among treatments (P = 0.001). The highest ascorbic acid concentration was 

observed in LP-treated plants (72.73 mg 100 g⁻¹), representing a 37.5% increase compared with the control (52.88 mg 100 

g⁻¹). LB also increased ascorbic acid content by 12.7%, whereas PP and Rhizofill produced only slight increases of 0.3% 

and 3.8%, respectively. In contrast, Mix LAB treatment resulted in the lowest ascorbic acid content, remaining 19.5% below 
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the control value. These results demonstrate that LP was the most effective treatment for enhancing vitamin C accumulation 

in hydroponically grown lettuce.  

Nitrate accumulation was also significantly affected by bacterial inoculations (P = 0.001). The nitrate content measured in 

the control plants was 649.90 mg kg⁻¹. The highest nitrate accumulation was observed in LP (761.76 mg kg⁻¹), corresponding 

to a 17.2% increase relative to the control, followed by Rhizofill, which increased nitrate content by 11.5%. In contrast, LB 

reduced nitrate accumulation by 4.3%, resulting in the lowest nitrate value among all treatments. PP and Mix LAB remained 

close to the control, showing only slight increases of 1.8% and 0.3%, respectively. Among the bacterial treatments, LB 

resulted in the lowest nitrate concentration, whereas LP produced the highest nitrate accumulation. 

Table 4. Effects of different bacterial inoculations on antioxidant-related compounds and nitrate accumulation in 

hydroponically grown lettuce 

Treatments Total phenolic content  

(mg GA 100 g−1 FW) 

Total flavonoid 

(mg RU 100 g−1 FW) 

L-ascorbic acid  

(mg 100 g−1 FW) 

Nitrate  

(mg kg−1 FW) 

Control 64.52 bc 105.17 e 52.88 c 649.90 c 

LP 75.83 a 154.45 a 72.73 a 761.76 a 

LB 67.98 b 146.45 b 59.59 b 622.04 d 

PP 55.42 d 125.88 d 53.02 c 661.61 c 

Mix LAB 46.28 e 133.60 c 42.59 d 652.04 c 

Rhizofill 62.98 c 128.31 d 54.88 c 724.61 b 

LSD 3.55 3.34 2.84 18.77 

p 0.001 0.001 0.001 0.001 

Lactiplantibacillus plantarum (LP), Levilactobacillus brevis (LB), Pediococcus pentosaceus (PP), lactic acid bacteria (LAB). Rhizofill 

contains a mixture of Bacillus subtilis, Bacillus megaterium, and Pseudomonas fluorescens. 

DI SCUSSI O N  

Plant Growth, Morphological Responses and Yield 

The present study demonstrated that microbial inoculations substantially improved the morphological development of 

hydroponically grown lettuce plants. Compared with the untreated control, all bacterial applications positively affected major 

growth parameters, including plant height, stem diameter, root development, and fresh biomass production. Among the 

tested inoculants, Lactiplantibacillus plantarum (LP) exhibited the strongest stimulatory effect on shoot growth and total 

plant biomass, whereas Levilactobacillus brevis (LB) was particularly effective in enhancing root fresh weight. These 

findings are consistent with previous studies reporting that beneficial microbial inoculations significantly promote vegetative 

growth in horticultural crops (Zapata-Sifuentes et al., 2022). For example, Lin et al. (2019) observed marked increases in 

plant height and stem thickness following PGPR inoculation in maize, while Zapata-Sifuentes et al. (2022) reported 

substantial improvements in stem diameter and biomass accumulation in cucumber plants inoculated with beneficial 

rhizobacteria. 

The growth-promoting effects observed in the present study may be associated with several physiological and biochemical 

mechanisms induced by microbial inoculation. Beneficial microorganisms are known to stimulate root elongation and 

branching through the production of phytohormones such as indole-3-acetic acid (IAA), which may improve root activity 

and support more efficient exploitation of the nutrient solution (Mathivanan et al., 2017; Zerrouk et al., 2019). In hydroponic 

systems, where plant roots are in direct contact with the nutrient solution, improved root development can be particularly 

important for sustaining shoot growth and biomass accumulation. Therefore, the enhanced plant growth observed under LP 

and LB applications may be partly related to improved root performance and physiological activity. However, because tissue 

mineral concentrations were not directly measured in the present study, these explanations should be interpreted as putative 

mechanisms rather than direct evidence of increased nutrient uptake. 

Another important factor contributing to increased biomass production may be the enhancement of photosynthetic capacity. 

Previous studies have demonstrated that microbial inoculations can increase chlorophyll concentration and photosynthetic 

efficiency, leading to improved plant productivity (Gul et al., 2023). Gul et al. (2023) reported that PGPR and biochar 

applications increased total chlorophyll content in barley plants under drought stress conditions, resulting in a significant 

increase in shoot biomass. In the present study, bacterial inoculations improved overall plant vigor and growth performance, 

indicating that enhanced photosynthetic activity may also have contributed to biomass accumulation. 

The Mix LAB treatment was expected to provide synergistic benefits because microbial consortia often exhibit 

complementary mechanisms of action. Previous studies have suggested that combined microbial inoculations may produce 

more stable and effective growth responses than single-strain applications (Jarak et al., 2012). However, microbial 

interactions are highly complex, and synergistic effects are not always guaranteed. Antagonistic or competitive interactions 

among strains may also occur, potentially limiting the effectiveness of mixed inoculations (Waksman, 1941). In the current 

study, although the Mix treatment improved plant growth relative to the control, its effects were generally lower than those 

achieved by LP alone. This finding highlights the importance of strain compatibility and microbial interaction dynamics 

when developing microbial consortia for hydroponic production systems. 
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Chlorophyll content is a key indicator of photosynthetic performance and overall plant health. In the present study, all 

microbial treatments increased chlorophyll concentration compared with the control, with the highest increase observed in 

the Mix LAB treatment. Enhanced chlorophyll accumulation following PGPR inoculation has been widely reported in the 

literature (Abbasi et al., 2013). One possible explanation for this increase is the improved availability of micronutrients, 

particularly iron, mediated by microbial activity. Certain beneficial bacteria synthesize siderophores that chelate iron and 

increase its availability to plants, thereby supporting chlorophyll biosynthesis and reducing chlorosis symptoms (Singh et 

al., 2022). Consequently, increased chlorophyll accumulation may enhance photosynthetic efficiency and contribute to 

improved plant growth and biomass production. 

SPAD Chlorophyll Index and Leaf Sap Quality 

Chlorophyll content is an important indicator of photosynthetic capacity, plant vigor, and overall physiological performance. 

In the present study, all bacterial inoculations increased the SPAD chlorophyll index compared with the control treatment, 

with the highest value observed under the Mix LAB application. Increased chlorophyll accumulation following microbial 

inoculation has been widely reported in previous studies involving PGPR and microbial biostimulants (Abbasi et al., 2013). 

Beneficial microorganisms may support chlorophyll formation through several indirect mechanisms, including improved 

root activity, altered rhizosphere conditions, and microbial metabolites that can influence plant physiological status. In 

addition, siderophore-producing bacteria may increase iron availability in the rhizosphere and thereby support pigment 

formation under certain conditions (Singh et al., 2022). Nevertheless, since iron, magnesium, and other mineral nutrients 

were not measured in lettuce tissues in the present experiment, the higher SPAD values should be interpreted primarily as 

an indicator of improved physiological status rather than direct evidence of enhanced mineral uptake. 

Balance Between Yield and Nutritional Quality 

Total yield was significantly enhanced by bacterial inoculations in hydroponically grown lettuce. Among all treatments, 

Lactiplantibacillus plantarum (LP) produced the highest yield increase, followed by Rhizofill, LB, and Mix LAB 

applications. The substantial increase in yield observed under LP treatment may be associated with improved root 

development, higher SPAD chlorophyll index, and enhanced overall plant vigor promoted by microbial activity. Beneficial 

microorganisms can stimulate plant growth through mechanisms such as phytohormone production, nutrient mobilization in 
the root environment, and changes in root architecture, which may collectively support biomass accumulation and yield 

formation (Dasgan et al., 2023a; Dasgan et al., 2023b). However, because mineral nutrient uptake was not directly quantified 

in the present study, the role of nutrient acquisition should be considered a possible mechanism that requires further 

confirmation. 

The positive effects of microbial inoculations on lettuce productivity observed in the present study are consistent with 

previous reports demonstrating that PGPR and microbial biostimulants can significantly improve yield performance in leafy 

vegetables grown under hydroponic conditions (Daşgan et al., 2022; Daşgan et al., 2024). In particular, the superior 

performance of LP suggests that certain LAB strains may exhibit strong plant growth-promoting potential comparable to, or 

even exceeding, conventional PGPR-based products. The relatively lower yield increase observed in the PP treatment further 

indicates that the effectiveness of microbial inoculants may vary considerably depending on strain-specific characteristics 

and their interaction with the hydroponic growing environment. The findings demonstrate that LAB applications can 

effectively improve lettuce productivity and may represent promising microbial biostimulants for sustainable hydroponic 

cultivation systems.  

The simultaneous optimization of yield and nutritional quality is a central challenge in protected and soilless vegetable 

production. As emphasized by Gruda et al. (2025), yield and nutritional quality should not be considered identical production 

targets, because high fresh biomass does not necessarily guarantee superior nutritional value. In the present study, LP 

represented the most productive treatment, increasing total yield by 36.0% compared with the control, while also enhancing 

total phenolic, flavonoid, and L-ascorbic acid contents. This indicates that LP was able to improve yield and several 

antioxidant-related quality traits concurrently. However, LP also increased nitrate accumulation compared with the control, 

suggesting that its strong growth-promoting effect may be accompanied by increased nitrate accumulation in leaf tissues. 

By contrast, LB produced a lower yield increase than LP but resulted in the lowest nitrate concentration among all treatments. 

Therefore, LAB inoculants may offer different practical advantages depending on the production goal: LP may be preferable 

when high yield and antioxidant enrichment are prioritized, whereas LB may be more suitable when nitrate reduction is a 

primary quality target. These findings support the concept that microbial biostimulants should be evaluated not only by their 

yield-promoting capacity but also by their ability to balance productivity with nutritional and food safety-related quality 

parameters. 

Antioxidant Compounds and Nitrate Accumulation 

Microbial inoculations significantly influenced the biochemical composition of lettuce leaves. In particular, LP markedly 

increased total phenolic and flavonoid contents, whereas LB significantly enhanced ascorbic acid accumulation. Phenolics, 

flavonoids, and ascorbic acid are important antioxidant compounds involved in plant defense mechanisms and human 

nutrition. Their increased accumulation under microbial treatments suggests that beneficial bacteria stimulated antioxidant 

metabolism and secondary metabolite synthesis in lettuce plants. Similar findings have been reported in previous studies 

evaluating PGPR applications in horticultural crops (Zapata-Sifuentes et al., 2022; Ikiz et al., 2024). Zapata-Sifuentes et al. 

(2022), for example, reported substantial increases in total phenolic and flavonoid contents in cucumber fruits following 

PGPR inoculation. 
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The enhancement of antioxidant compounds observed in the present study may be associated with microbial-induced 

activation of plant defense pathways and improved metabolic activity. Ascorbic acid and phenolic compounds play central 

roles in scavenging reactive oxygen species and protecting cellular structures against oxidative damage. Increased 

accumulation of these compounds therefore indicates improved physiological status and stress tolerance potential in lettuce 

plants. Importantly, the simultaneous enhancement of growth and antioxidant-related metabolites observed in this study 

demonstrates that microbial inoculants can improve both productivity and nutritional quality concurrently. This is 

particularly relevant because increased vegetative growth is often associated with reduced synthesis of secondary metabolites 

due to metabolic trade-offs. In contrast, microbial inoculations appear capable of optimizing both growth and biochemical 

quality by improving nutrient metabolism and physiological efficiency. 

Nitrate accumulation is another critical quality parameter in leafy vegetables because excessive nitrate intake may pose 

potential health risks due to the formation of nitrites and nitrosamines (Blom-Zandstra, 1989). In the present study, nitrate 

accumulation showed a treatment-dependent response. LB produced the lowest nitrate concentration among all treatments, 

indicating a favorable effect on nitrate-related quality. In contrast, LP and Rhizofill increased nitrate accumulation compared 

with the control. This response may be associated with the strong biomass-promoting effect of LP, since rapid vegetative 

growth in leafy vegetables is often closely linked with nitrogen metabolism and nitrate accumulation. Therefore, although 

LP was the most effective treatment in terms of yield and antioxidant-related compounds, LB appeared more advantageous 

from the perspective of nitrate reduction. These contrasting responses indicate that microbial biostimulants should be 

evaluated not only according to yield improvement but also according to their effects on food safety-related quality 

parameters. The beneficial effects observed throughout the present study are likely associated with the multifunctional nature 

of microbial inoculants. Beneficial microorganisms can enhance nutrient availability through several mechanisms, including 

biological nitrogen fixation, phosphate solubilization, siderophore production, and phytohormone synthesis (Rodriguez and 

Fraga, 1999; Pourbabaee et al., 2018). Collectively, these mechanisms may support root activity, chlorophyll formation, 

photosynthetic performance, stress tolerance, and overall plant productivity. However, their direct contribution to nutrient 

uptake in the present study requires further confirmation through tissue mineral analysis. 

Leaf Sap pH and EC 

Leaf sap pH and EC are useful indicators of the internal chemical status of leafy vegetables. In the present study, leaf sap 

pH values were not significantly affected by bacterial applications, indicating that microbial inoculations did not markedly 

alter the internal acid–base balance of lettuce tissues. In contrast, significant differences were observed in leaf sap EC values 

among treatments, with the highest values recorded under LP and Rhizofill applications. Leaf sap EC reflects the total 

concentration of soluble ions and dissolved metabolites in plant sap; therefore, the increased EC values may indicate changes 

in internal solute composition under microbial inoculation. However, because individual mineral nutrients were not 

analyzed, these EC responses should not be interpreted as direct evidence of increased mineral accumulation. Rather, they 

suggest that LAB and PGPR-based inoculants may influence the overall soluble compound status of lettuce leaves. 

Limitations and Future Perspectives 

Although the present study demonstrated clear positive effects of LAB inoculation on growth, yield, SPAD chlorophyll 

index, antioxidant-related compounds, and nitrate accumulation, some physiological mechanisms remain to be clarified. In 

particular, mineral nutrient concentrations in lettuce tissues and nutrient solution dynamics were not directly measured. 

Therefore, interpretations related to nutrient uptake, mineral acquisition, and mineral accumulation should be considered as 

putative mechanisms rather than direct evidence. Future studies should include tissue mineral analysis, nutrient uptake 

dynamics, microbial population monitoring in the nutrient solution, and root colonization assessments to better explain the 

mechanisms underlying LAB-mediated growth promotion in hydroponic lettuce. 

CO NCLUSI O N  

The present study demonstrated that selected lactic acid bacteria can act as effective microbial biostimulants in floating 

hydroponic lettuce production. Among the tested inoculants, Lactiplantibacillus plantarum showed the strongest overall 

performance by improving plant growth, yield, SPAD chlorophyll index, and antioxidant-related quality traits. In 

comparison, Levilactobacillus brevis was particularly notable for promoting root fresh weight and producing the lowest 

nitrate accumulation, indicating that different LAB strains may provide distinct agronomic and quality-related benefits. 

The performance of LAB inoculants was comparable to, and in several parameters superior to, the commercial PGPR-based 

product Rhizofill. These findings highlight the practical potential of LAB as sustainable microbial inputs for soilless 

horticulture, particularly in systems where yield enhancement and nutritional quality are targeted simultaneously. However, 

since tissue mineral composition, microbial population dynamics, and root colonization were not directly assessed, further 

studies are required to clarify the physiological mechanisms underlying LAB-mediated growth promotion and to validate 

their long-term effectiveness under different hydroponic conditions. 
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