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Abstract 18 

Hydroponic systems are increasingly adopted for their high yields, efficient resource use, and 19 

year-round production of fresh produce. However, their nutrient-rich and controlled 20 

environments can also support the survival of foodborne pathogens such as Listeria 21 

monocytogenes and Salmonella enterica, posing a food safety challenge. Plant growth-promoting 22 

rhizobacteria (PGPR) are promising biocontrol agents that enhance plant health but could also 23 

suppress human pathogens in soilless systems. This study investigated the efficacy of three 24 

commercial bioinoculants: a multibacillus-Trichoderma harzianum consortium (TG), Bacillus 25 

subtilis QST 713 (SN), and Streptomyces lydicus WYEC 108 (AC) against L. monocytogenes 26 

and S. Typhimurium in basil grown under deep-water culture (DWC) and nutrient film technique 27 

(NFT) systems. Results demonstrated that PGPR significantly reduced Listeria but not 28 

Salmonella, with effectiveness dependent on bioinoculant type, system, and production stage. TG 29 
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was the most effective PGPR, with a significantly higher reduction of5.38±0.10 log reduction in 30 

NFT (p < 0.05), corresponding to complete elimination of Listeria from the roots by day 28. In 31 

contrast, AC consistently sustained higher pathogen survival, often exceeding that of 32 

uninoculated controls. These findings reveal that commercial PGPR bioinoculants can serve as a 33 

viable and effective strategy for mitigating and controlling the persistence of Listeria 34 

monocytogenes and Salmonella Typhimurium in hydroponic production systems. Still, their 35 

efficacy is highly context-dependent, shaped by the pathogen, PGPR composition, hydroponic 36 

system design, and production cycle stage. Integrating PGPR into hydroponics holds promise for 37 

enhancing microbial safety of fresh produce, but bioinoculant selection must be tailored to 38 

system and pathogen dynamics. 39 

Keywords: bioinoculant; hydroponics; Salmonella; Listeria monocytogenes; plant growth 40 

promoting rhizobacteria; Bacillus; biocontrol 41 

1. Introduction  42 

The global demand for fresh produce continues to rise, driven by consumer preferences for 43 

healthy, minimally processed foods and the need for sustainable agricultural systems to support 44 

growing populations (FAO, 2023). Controlled environment agriculture (CEA), particularly 45 

hydroponics, has emerged as a promising solution, offering year-round production, efficient 46 

resource utilization, reduced pesticide requirements, benefits from proximity to urban consumer 47 

centers, and protection from external environmental fluctuations (Benke & Tomkins, 2017; 48 

Hamilton et al., 2023; Ojo & Zahid, 2022; Rajaseger et al., 2023). Hydroponic systems such as 49 

deep-water culture (DWC) and nutrient film technique (NFT) enable high yields with reduced 50 

land and water requirements, while providing growers with increased control over plant nutrition 51 

and growth conditions (Rajaseger et al., 2023; Shrestha & Dunn, 2010; Yuvaraj et al., 2020). 52 

Despite these advantages, hydroponic production is not inherently free from microbial food 53 

safety risks. Recirculating nutrient solutions, warm and humid environments, and close plant-54 

water interactions can provide favorable conditions for the survival and dissemination of human 55 

pathogens, including Salmonella enterica and Listeria monocytogenes (Dankwa et al., 2020; 56 

Dhulappanavar & Gibson, 2024; Sela Saldinger et al., 2023; Shaw et al., 2016).  57 

Salmonella Typhimurium and Listeria monocytogenes are of particular concern because they are 58 

frequently associated with produce-related outbreaks and pose serious public health risks (CDC, 59 

2023). These pathogens can survive in nutrient solutions, colonize root systems, and 60 
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subsequently transfer to edible plant tissues, making their control within hydroponic systems a 61 

critical food safety priority (Chenggeer et al., 2025; Dhulappanavar & Gibson, 2024; Ilic et al., 62 

2022; Shaw et al., 2016; Wachtel et al., 2002; Wang & Kniel, 2016; Xiao et al., 2015; Xylia et 63 

al., 2021). Conventional control strategies in hydroponics often rely on chemical sanitizers or 64 

strict water quality management, yet these measures can be insufficient, costly, or disruptive to 65 

plant health and beneficial microbial communities (Ivey et al., 2025). Consequently, there is 66 

growing interest in biological approaches that harness naturally occurring microorganisms to 67 

enhance both plant productivity and food safety. 68 

Plant growth-promoting rhizobacteria (PGPR) represent a promising intervention in this context. 69 

PGPR colonize the rhizosphere and can enhance plant health through nutrient solubilization, 70 

hormone production, and induction of systemic resistance, while also suppressing pathogens via 71 

competition, antimicrobial metabolite production, and niche exclusion (Govindasamy et al., 72 

2010; Hsu & Micallef, 2017; Bene et al., 2021; Kumar, 2016; Sati et al., 2022). Several 73 

commercial plant growth-promoting microorganism-based bioinoculants, such as Bacillus spp., 74 

Streptomyces lydicus, and Trichoderma harzianum formulations, are already widely marketed for 75 

plant disease management, yet their potential role in mitigating foodborne pathogens within 76 

hydroponic systems remains poorly understood (Azizoglu et al., 2021; Beneduzi et al., 2012; 77 

Bhattacharyya & Jha, 2011; Kumar et al., 2021). Importantly, pathogen suppression by these 78 

microorganisms is influenced by multiple factors, including inoculant composition, host plant 79 

species, microbial interactions, and environmental conditions, suggesting that their effectiveness 80 

may vary between hydroponic system designs (Bhattacharyya & Jha, 2011; Dhawi, 2023; El-81 

Saadony et al., 2022; Kumar et al., 2021; Kumar, 2016). 82 

This study aimed to evaluate the efficacy of three commercial plant growth-promoting 83 

microorganism bioinoculants, Bacillus subtilis QST 713-based (SN), Streptomyces lydicus 84 

WYEC 108-based (AC), and a multi-Bacillus spp.–Trichoderma harzianum consortium (TG), in 85 

suppressing Salmonella Typhimurium and Listeria monocytogenes in DWC and NFT hydroponic 86 

systems. By comparing pathogen survival dynamics in both nutrient solutions and root-87 

associated niches over a 28-day basil production cycle, this work provides novel insights into the 88 

potential of PGPR bioinoculants as biological interventions for food-safety management in 89 

controlled-environment agriculture. 90 
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2. Materials and methods 91 

2.1. Hydroponic system setup and planting conditions 92 

Small-scale desk-top NFT units (CropKing Inc., Lodi, OH, USA) measuring 0.61m × 0.41m × 93 

0.25m (length × width × height) were used for this study. Each unit contained two food-grade 94 

PVC channels with removable covers and four equidistant planting sites (eight plants per 95 

system). A 9.5 L reservoir supplied nutrient solution, which was continuously recirculated by a 96 

605 Lph pump through the slightly inclined channels (1–3% angle) to deliver a thin film of 97 

nutrient solution across plant roots. DWC systems were custom-built using 9.5 L reservoirs 98 

covered with 0.64m L × 0.43m W extruded polystyrene foam boards drilled with eight 99 

equidistant holes for plant placement. Each DWC unit was aerated by a 3899 Lph air pump 100 

connected to an air stone immersed in the nutrient solution, ensuring continuous oxygenation. 101 

Both NFT and DWC systems were maintained with equivalent water volumes and nutrient 102 

composition, adjusted to basil production ranges (pH 5.5–6.5, electrical conductivity, EC 1.0–2.0 103 

mS/cm) (Barickman et al., 2021; Sipos et al., 2021). The hydroponic systems were housed in 104 

Percival Plant Growth chambers (models E-41L2 and AR-41L3; Percival Scientific, Inc., Perry, 105 

Iowa) under controlled environmental conditions of 25°C during light hours and 18°C during 106 

dark hours, relative humidity of 70%, photoperiod of 16 hours, and light intensity of 270-280 107 

µmol m⁻² s⁻¹ to achieve a daily light integral of 15.5 – 16.1mol/m²/day, ideal for hydroponic basil 108 

production (Barickman et al., 2021; Sipos et al., 2021). To monitor the controlled environment 109 

conditions within the growth chambers, Spectrum WatchDog 2450 Mini Temperature/RH Station 110 

units (Spectrum Technologies, Aurora, IL, USA) were used. The experiments were conducted in 111 

a biosafety level 2 facility at the International Center for Food Industry Excellence, Texas Tech 112 

University (Lubbock, TX, USA). A total of 16 DWC and 16 NFT units were used per pathogen, 113 

corresponding to four replications per treatment. 114 

Seeds of Nufar basil (Ocimum basilicum ‘Nufar’) obtained from Johnny’s Selected Seeds 115 

(Winslow, ME, USA), were sown into 200-cube rockwool pads (CropKing Inc., Lodi, OH, USA) 116 

pre-saturated with a partial-strength (25 ppm N) nutrient solution formulated with MaxiGro 10-117 

5-14 (General Hydroponics, Santa Rosa, CA, USA) according to manufacturer instructions. 118 

Germination occurred under continuous light at approximately 50 µmol m⁻² s⁻¹ for the first 24 119 

hours to ensure uniform emergence, followed by standard set controlled conditions as mentioned 120 

above. Seedlings were allowed to develop to the 3-4 true leaf stage over two weeks before 121 
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transplanting into NFT and DWC hydroponic systems containing the full-strength MaxiGro 122 

nutrient solution (150 ppm N). The plants were grown for 28 days. 123 

2.2. Bacterial strain inoculum preparation and nutrient solution inoculation  124 

Plant Growth Promoting Rhizobacteria (PGPR) bioinoculants. Three commercial 125 

bioinoculants, including TG (Bacillus (Bacillus licheniformis, Bacillus subtilis, Bacillus pumilus, 126 

Bacillus amyloliquefaciens, Bacillus megaterium)–Trichoderma harzianum consortium), AC 127 

(Streptomyces lydicus WYEC 108 - filamentous, Gram-positive soil bacteria), and SN (Bacillus 128 

subtilis QST 713) were purchased from Arbico Organics (Oro Valley, AZ, USA). The 129 

recommended dosages, as per the manufacturer's instructions, were used for inoculating the 130 

hydroponic systems. The PGPR concentration was verified using Bacillus Hichrome Agar and 131 

generic Tryptic Soy Agar, incubated at 28 °C for 48 hours. The PGPR were inoculated into the 132 

nutrient solution at a concentration of 7-8 Log CFU/mL. The PGPR were then challenged with a 133 

4-5 Log CFU/mL cocktail of seven L. monocytogenes strains or two S. Typhimurium strains to 134 

obtain a pathogen-to-PGPR ratio of 1.75-2.  135 

Pathogens. The study used cocktails of two Salmonella enterica serovar Typhimurium strains 136 

and eight Listeria monocytogenes strains. The Salmonella strains included the multidrug-137 

resistant Salmonella enterica subsp. enterica serovar Typhimurium DT104 and a representative 138 

strain, G11013 (ATCC® BAA-190™), both of which are resistant to several antibiotics 139 

(Ampicillin, Chloramphenicol, Spectinomycin, Streptomycin, Sulfonamides, and Tetracycline). 140 

The Listeria cocktail was composed of six strains from the Department of Food Science and 141 

Technology at the University of California, Davis (Davis, CA) which included LIS0234 and 142 

LIS0235 (from raw diced yellow onions linked to a recall), LIS0133 (an environmental isolate 143 

from a fresh-cut celery facility associated with a listeriosis outbreak), and three isolates tied to a 144 

multistate cantaloupe-linked outbreak, LIS0110 (from whole cantaloupe) and LIS0087, LIS0077 145 

(from the packing facility environment). These were complemented with two reference strains, 146 

Murray B and Scott A, commonly used in food science research, obtained from the International 147 

Center for Food Industry Excellence (ICFIE) frozen culture collection at Texas Tech University 148 

(Lubbock, Texas). The Listeria strains were made nalidixic acid-resistant by successive growth 149 

and transfer in Brain Heart Infusion (BHI) broth supplemented with 60 µg/mL nalidixic acid.  L. 150 

monocytogenes and Salmonella Typhimurium were recovered from −80 °C LB: glycerol stocks 151 

by plating onto selective media (modified Oxford agar for Listeria, XLT4 for Salmonella) and 152 
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incubating at 37 °C for 48 hours. Isolated colonies were cultured in BHI broth amended with 153 

antibiotics (60 µg/mL nalidixic acid for Listeria and 100µg/mL ampicillin for Salmonella), 154 

incubated overnight, and then successively transferred to plain BHI broth until reaching at least 8 155 

log CFU/mL. Cultures were pelleted by centrifugation (4000 rpm, 10 min), washed twice in 156 

phosphate-buffered saline (PBS), and resuspended in PBS for experimental use. The final 157 

microbial concentration of the inoculum was verified on amended selective agar plates (modified 158 

Oxford agar with 60 µg/mL nalidixic acid for Listeria, and XLT4 agar with 100 µg/mL 159 

ampicillin for Salmonella). Each pathogen cocktail was separately inoculated into the nutrient 160 

solution of the respective NFT or DWC unit to achieve a final concentration of ~5 Log CFU/mL, 161 

simulating a sporadic contamination event. Following inoculation, the reservoir solution was 162 

homogenized by stirring for 2 minutes, after which the first set of samples was collected 163 

immediately. 164 

2.3. Sample collection and bacterial enumeration 165 

Post-inoculation, 10 mL of nutrient solution samples were collected from each reservoir on days 166 

0, 1, 3, 6, 12, 24, and 28. Root samples were collected on days 1, 3, 6, 12, 24, and 28. All 167 

sampling was conducted under strict aseptic conditions to minimize external contamination. 168 

Researchers wore sterile gloves and used sterilized (autoclaved) tools, including scissors and 169 

forceps, with fresh equipment used for each new sample. For root samples, individual plants 170 

were carefully removed from the hydroponic system, and root systems were excised using 171 

sterilized scissors. Root samples were immediately transferred into sterile 1,626.54 mL (55 oz) 172 

Whirl-Pak bags (MilliporeSigma, St. Louis, MO, USA), weighed, combined with a 9:1 (Buffered 173 

Peptone Water: sample) dilution, and homogenized using a Stomacher® 400 Circulator (Seward 174 

Ltd, West Sussex, UK) for 1 min. Nutrient solution samples were collected using sterile 175 

serological pipettes and transferred to sterile Falcon® tubes (Corning, Glendale, AZ, USA). 176 

Reservoir nutrient solution pH and EC were monitored every three days, adjusted as needed, and 177 

recorded at each sampling point. Nutrient solution samples were vortexed for 10 seconds. All 178 

samples were then serially diluted (10-fold) and plated on selective media: Oxford Listeria Agar 179 

Base with modified Oxford supplement (MOX; Difco) amended with 60 µg/mL nalidixic acid 180 

for L. monocytogenes detection and Xylose Lysine Tergitol™ 4 (XLT4; Hardy Diagnostics) 181 

amended with 100 µg/mL ampicillin for S. Typhimurium detection (Dhulappanavar & Gibson, 182 

2023). Colony-forming units (CFUs) were counted and reported as CFU/g for the roots and 183 
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CFU/mL for the nutrient solution following incubation for 24-48 h at 37 °C. The experiments for 184 

each treatment were conducted in four replications. 185 

2.4. Plant biomass determination 186 

At harvest, basil shoots and roots were separated and dried at 60 °C to constant weight for dry 187 

biomass determination, following standard plant biomass assessment procedures. Shoot and root 188 

dry weights were measured using an analytical balance, and the root-to-shoot ratio was 189 

calculated as the ratio of root dry weight to shoot dry weight. 190 

2.5. Data analysis  191 

All analyses were conducted in R version 4.4.3 (R Core Team, 2025) using the RStudio IDE 192 

version 4.4.3 (Posit Team, 2025). Four independent trials were performed for each treatment 193 

(TG, SN, Control, AC), hydroponic system (DWC, NFT), and each pathogen (Listeria 194 

monocytogenes, Salmonella Typhimurium). Bacterial counts were log-transformed before 195 

analysis. The experiment followed a completely randomized design and a mixed model to 196 

evaluate the effects of the bioinoculant, hydroponic system, and time (day) on bacterial 197 

concentrations. The limit of quantification was set at 25 CFU/mL or g (~1.4 log CFU/mL or g), 198 

and the detection limit of 50% was chosen, established at 1 CFU/mL or g after enrichment. 199 

Microbial counts were log10-transformed using the log10 (x+1) method to handle zero counts 200 

and ensure valid transformations. Separate analyses were conducted for each pathogen and for 201 

each sample type (nutrient solution and roots). Least-squares means were estimated and 202 

compared using Tukey’s HSD test at a significance level of 0.05. 203 

3. Results 204 

3.1.PGPR efficacy against Listeria monocytogenes 205 

There was a significant three-way interaction among the bioinoculant type, system type, and time 206 

(sampling stage) across the roots and nutrient solution. The PGPR bioinoculants significantly 207 

reduced the levels of Listeria monocytogenes in both nutrient solutions and roots across the two 208 

hydroponic systems, with greater reductions in NFT (p < 0.05) (Table 1, Figure 2). The 209 

difference in performance of the bioinoculants between the hydroponic systems was most 210 

pronounced in the roots, with TG and AC showing the widest system differences at 25.3- and 211 

24.7-percentage-point differences, respectively, and 16% for SN, compared to less than a 7-212 

percentage-point difference across all treatments in the nutrient solution. L. monocytogenes 213 

declined steadily across all treatments and systems, yet remained detectable throughout the 214 
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production cycle, except for TG in NFT (Figure 2). Root-associated reductions were generally 215 

lower than those in nutrient solutions, ranging from 59.5% to 74.7% (3.44 to 4.07 log) in DWC 216 

and 84.2% to 100% (4.42 to 5.43 log) in NFT.  217 

The difference beyond the natural pathogen decline (biphasic pattern with persistence) observed 218 

in the uninoculated controls was most evident in the roots, where all PGPR treatments showed 219 

significantly higher reductions of nearly 2 log units in Listeria counts relative to the control 220 

decline. In the nutrient solution, the performance of the PGPRs varied across treatments: SN and 221 

AC showed significantly lower pathogen reductions than the controls in DWC, and AC 222 

performed similarly in NFT. 223 

TG consistently showed the highest and most consistent reductions among the PGPRs, with 4.5-224 

5.4 log reductions (94-100% reduction) in the nutrient solution, 3.4 log reductions (74.7% 225 

reduction) in NFT roots, and 5.4 log reductions (100% reduction) in DWC roots. In contrast, 226 

Streptomyces-based AC consistently performed the worst among the PGPRs.    227 

Table 1. Percentage and mean log reduction of Listeria monocytogenes (initial inoculum ~5 log 228 

CFU/mL) in nutrient solution and roots following application of commercially available plant 229 

growth-promoting rhizobacteria (PGPR)  bioinoculants in nutrient film technique (NFT) and 230 

deep water culture (DWC) hydroponic systems over a 28-day basil production cycle 231 

Treatment (PGPR) Nutrient solution - % Reduction (Log 

reduction (CFU/mL ± SE) (n=224 

samples) 

Roots - % 

Reduction (Log 

reduction (CFU/g 

± SE) (n=192 

samples) 

DWC NFT DWC NFT 

Control (no PGPR) 92.09aA 

(4.34±0.43) 

91.74bcA 

(4.29±0.24) 

35.97cA 

(1.49±0.17) 

64.53bA 

(2.23±0.70) 

SN (Bacillus subtilis-based 

bioinoculant) 

86.41bA 

(5.17±0.54) 

93.30bB 

(4.23±0.45) 

74.17aA 

(4.07±0.88) 

90.30aB 

(4.42±0.18) 

TG (multiBacillus–Trichoderma 

harzianum consortium) 

94.69aA 

(5.43±0.62) 

*100aB 

(4.81±0.20) 

74.71aA 

(3.44±0.24) 

*100aB 

(5.38±0.10) 
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Treatment (PGPR) Nutrient solution - % Reduction (Log 

reduction (CFU/mL ± SE) (n=224 

samples) 

Roots - % 

Reduction (Log 

reduction (CFU/g 

± SE) (n=192 

samples) 

DWC NFT DWC NFT 

AC (Streptomyces lydicus -

based) 

85.99bA 

(4.76±0.50) 

88.50cA 

(4.36±0.27) 

59.50bA 

(3.71±0.46) 

84.19abB 

(5.43±0.69) 

p value < 0.001 < 0.001 < 0.001 0.0036 

Note: Each data point represents the percentage and mean log reduction ± standard error (SE) 232 

from four replications. Values in parentheses indicate the mean log reduction ± standard error. 233 

Asterisk (*) indicates complete (100%) reduction with no recovery after enrichment. Values in a 234 

column followed by different lowercase letters are significantly different at p < 0.05 across 235 

PGPR treatments. Values within a row followed by different uppercase letters differ significantly 236 

(p < 0.05) between DWC and NFT at the same PGPR treatment for a given sample type.  237 

CFU/mL stands for colony-forming units per milliliter. CFU/g stands for colony-forming units 238 

per gram. PGPR stands for plant growth-promoting rhizobacteria bioinoculant. DWC stands for 239 

deep water culture hydroponic system. NFT stands for nutrient film technique hydroponic 240 

system.  241 

3.2.PGPR efficacy against Salmonella Typhimurium 242 

There was a significant three-way interaction among the bioinoculant type, system type, and time 243 

(sampling stage) across the roots and nutrient solution. The PGPR bioinoculants significantly 244 

reduced the levels of Salmonella Typhimurium in both nutrient solutions and roots across the 245 

two hydroponic systems, with greater reductions in DWC (p < 0.05) (Table 2). The difference in 246 

performance of the bioinoculants between the hydroponic systems was most pronounced when 247 

AC was used, with the widest system differences at 56.3- and 12.4-percentage-point differences 248 

in roots and nutrient solutions, respectively. Salmonella declined steadily across all treatments 249 

and systems, yet remained detectable throughout the production cycle, except for TG in DWC 250 

nutrient solution (Figure 3). Root-associated reductions were generally lower than those in 251 

nutrient solutions, ranging from 59.5% to 74.7% (3.44 to 4.07 log) in DWC and 84.2% to 100% 252 
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(4.42 to 5.43 log) in NFT. Besides TG in DWC, all other PGPR bioinoculants showed lower 253 

declines in pathogens than the uninoculated controls (Figure 1B). 254 

The difference beyond the natural pathogen decline observed in the uninoculated controls was 255 

most evident in the roots, where PGPR treatments showed significantly higher Salmonella 256 

survival, 0.5-2.52 log CFU/g in DWC (SN, AC) and about 0.5 log CFU/g in NFT, relative to the 257 

control. None of the PGPRs achieved complete Salmonella elimination (nutrient solution and 258 

roots) in either system.  259 

Table 2. Percentage and mean log reduction of Salmonella Typhimurium (initial inoculum ~5 log 260 

CFU/mL) in nutrient solution and roots following application of commercially available plant 261 

growth-promoting rhizobacteria (PGPR) bioinoculants in nutrient film technique (NFT) and deep 262 

water culture (DWC) hydroponic systems over a 28-day basil production cycle 263 

Treatment (PGPR) Nutrient solution - % 

Reduction (Log Reduction 

(CFU/mL ± SE) (n=224 

samples) 

Roots - % Reduction (Log 

Reduction (CFU/mL ± SE) 

(n=192 samples) 

DWC NFT DWC NFT 

Control (no PGPR) 91.27bA 

(4.38±0.30) 

93.39aA 

(4.25±0.13) 

81.60aA 

(3.7±0.22)  

92.76aA 

(3.88±0.32)  

SN (Bacillus subtilis-based 

bioinoculant) 

84.61cA 

(4.38±0.33) 

88.95bA 

(4.99±0.39)  

71.59bA 

(3.2±0.29)  

64.85cA 

(3.36±0.64) 

TG (Bacillus–Trichoderma 

harzianum consortium) 

*100aA 

(4.62±0.09) 

91.97aB 

(3.94±0.27) 

84.40aA 

(3.71±0.55) 

73.63bcA 

(3.55±0.55) 

AC (Streptomyces-based 

bioinoculant) 

80.72cA 

(4.13±0.22) 

93.09aB 

(4.09±0.42) 

24.23cA 

(1.18±0.32) 

80.50dB 

(4.22±0.48) 

p value < 0.001 0.0026 < 0.001 < 0.001 

Note: Each data point represents the percentage and mean log reduction ± standard error (SE) 264 

from four replications. Values in parentheses indicate the mean log reduction ± standard error. 265 

Asterisk (*) indicates complete (100%) reduction with no recovery after enrichment. Values in a 266 

Jo
urn

al 
Pre-

pro
of



column followed by different lowercase letters are significantly different at p < 0.05. Values 267 

within a row followed by different uppercase letters differ significantly (p < 0.05) between DWC 268 

and NFT at the same PGPR treatment for a given sample type. CFU/mL stands for colony-269 

forming units per milliliter. CFU/g stands for colony-forming units per gram. PGPR stands for 270 

plant growth-promoting rhizobacteria bioinoculant. DWC stands for deep water culture 271 

hydroponic system. NFT stands for nutrient film technique hydroponic system.   272 

3.3. Natural pathogen decline dynamics 273 

In the absence of PGPR bioinoculants (uninoculated controls), both pathogens declined naturally 274 

during the production cycle. Pathogen survival differed significantly (p < 0.05) between 275 

Salmonella and Listeria, particularly on the roots, where Listeria (Table 1, Figure 1A) persisted 276 

longer and showed only a slight decline compared to Salmonella (Table 2, Figure 1B). 277 

Specifically, Listeria levels on the roots declined by 35.97% in DWC, compared to a 64.53% 278 

decline in NFT, indicating a 28.56 percentage-point higher survival in DWC than in NFT (~0.8 279 

log CFU/g difference). In contrast, Salmonella levels on roots declined more in both systems, 280 

with reductions of 81.6% in DWC and 92.76% in NFT, and the difference between systems was 281 

not statistically significant. In the nutrient solution, both Listeria and Salmonella exhibited 282 

substantial declines exceeding 90% (>4 log CFU/mL) across both hydroponic systems.  283 

3.4. Effect of PGPR treatment on plant growth outcomes 284 

PGPR bioinoculant treatment and hydroponic system significantly affected shoot dry weight (p < 285 

0.05) but not the root-to-shoot ratio (Table 3). In both DWC and NFT, the control produced the 286 

highest shoot biomass (7.05 ± 0.17 g and 6.63 ± 1.05 g, respectively) than the PGPR treatments, 287 

while AC yielded the lowest biomass (4.60 ± 0.16 g in DWC; 4.30±0.63 g in NFT). Root/shoot 288 

ratio differed significantly only for the SN bioinoculant, where the root/shoot ratio was higher in 289 

NFT (0.42 ± 0.02) than in DWC (0.35 ± 0.02).  290 
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Table 3. Effect of plant growth-promoting rhizobacteria (PGPR)  bioinoculants on plant biomass 291 

outcomes (shoot dry weight and root to shoot ratio) for basil in deep water culture (DWC) and 292 

nutrient film technique (NFT) hydroponic systems 293 

Treatment (PGPR) Shoot Dry Weight (g) Root/Shoot ratio 

DWC NFT DWC NFT 

Control (no PGPR) 7.05±0.17aA 6.63±1.05aA 0.38±0.04aA 0.31±0.06aA 

 

SN (Bacillus subtilis-based 

bioinoculant) 

6.48±0.15bA 5.05±0.24bB 0.35±0.02aA 0.42±0.02aB 

TG (multiBacillus–Trichoderma 

harzianum consortium) 

6.10±0.24bA 5.05±0.13bB 0.39±0.04aA 0.43±0.02aA 

AC (Streptomyces lydicus -

based) 

4.60±0.16cA 4.30±0.63bA 0.34±0.03aA 0.40±0.10aA 

p value < 0.0001 < 0.01 0.1420 0.0704 

Note: Root: Each data point represents the mean weight or ratio ± standard error (SE) from four 294 

replications. Measurements taken at 28 days post-inoculation. Root/Shoot ratio stands for the 295 

ratio of the dry weight of the roots to the dry weight of the shoot (leaves). Values in a column 296 

followed by different lowercase letters are significantly different at p < 0.05. Values within a row 297 

followed by different uppercase letters differ significantly (p < 0.05) between DWC and NFT at 298 

the same PGPR treatment for a plant growth outcome.  PGPR stands for plant growth-promoting 299 

rhizobacteria bioinoculant. DWC stands for deep water culture hydroponic system. NFT stands 300 

for nutrient film technique hydroponic system. 301 

4. Discussion 302 

This study demonstrates that commercial PGPR bioinoculants can significantly suppress Listeria 303 

monocytogenes but not Salmonella Typhimurium in hydroponic systems. Their efficacy is highly 304 

context-dependent. The magnitude of suppression varied with the bioinoculant, the hydroponic 305 

system, the pathogen, and the duration of the production cycle. 306 

Without PGPR bioinoculant treatment, there was a natural decline of both pathogens which 307 

indicates that hydroponic environments can impose conditions that reduce pathogen levels over 308 

time, but the pathogens nonetheless persist throughout the production cycle. Survival differed by 309 
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pathogen and hydroponic system. Listeria persisted longer on roots, particularly in DWC, likely 310 

due to the strong attachment to the roots, tolerance to environmental stress (Guerreiro et al., 311 

2020; Ryan et al., 2008; Saleh & Sharkawy, 2022), and relatively stagnant conditions that favor 312 

microbial retention and biofilm formation (Moltz & Martin, 2005; Zhu et al., 2024). Listeria 313 

monocytogenes has been shown to colonize roots and growth substrates, such as rockwool (Ilic et 314 

al., 2022; Xylia et al., 2021), likely driven by nutrient-rich microzones in the rhizosphere that 315 

facilitate pathogen survival and colonization (Thomas et al., 2023). In contrast, Salmonella 316 

declined substantially on roots in both systems, suggesting lower persistence under these 317 

conditions. This finding aligns with previous studies in hydroponic systems, which have showed 318 

sharp declines in Salmonella within days of inoculation (Coleman et al., 2017; Dhulappanavar & 319 

Gibson, 2023; Ilic et al., 2022), attributable to competitive exclusion by resident microbes 320 

(Estefany & Guillen, 2025; Thomas et al., 2024), and stress from nutrient depletion and waste 321 

accumulation (Cevallos-Cevallos et al., 2014).  322 

On PGPR treatment, the multi-Bacillus spp.-Trichoderma harzianum consortium (TG) 323 

consistently demonstrated the strongest efficacy, achieving complete elimination of Listeria 324 

monocytogenes in the NFT system and similarly better performance against Salmonella in DWC. 325 

This finding suggests that multi-species consortia confer synergistic advantages over single-326 

species bioinoculants in hydroponic environments. Multispecies consortia harness the 327 

complementary modes of action of their constituent microorganisms to provide a broader 328 

spectrum of antimicrobial activity (Poveda & Eugui, 2022). This could explain the superior 329 

performance of the TG consortium bioinoculant. Bacillus and Trichoderma exhibit a synergistic 330 

relationship in consortia, enabling metabolic adaptation and colonization to form a stable and 331 

persistent antagonistic community on plant roots (Fifani et al., 2022; Poveda & Eugui, 2022). 332 

Bacillus rapidly coats root surfaces through its biofilm and releases growth-promoting 333 

metabolites that exert localized antimicrobial pressure, while Trichoderma forms a filamentous 334 

hyphal network that enhances root coverage and long-term protection (Guzmán-Guzmán et al., 335 

2024; Miljaković et al., 2020; Ongena & Jacques, 2008; Santoyo et al., 2024; Yao et al., 2023; 336 

Zhang et al., 2023). In the presence of Bacillus, Trichoderma populations can increase up to 337 

tenfold, further accelerating root-zone colonization (Hafiz et al., 2022). Such consortia produce a 338 

broader range of antimicrobial compounds, enzymes, and plant defense inducers that act 339 

synergistically to suppress diverse pathogens, including phytopathogens and opportunistic 340 
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human pathogens, through broad-spectrum antagonism (Guzmán-Guzmán et al., 2024; Kredics 341 

et al., 2024; Santoyo et al., 2024; Vasques et al., 2024). Triveni et al. (2013) found that 342 

Trichoderma-Bacillus biofilms exhibited superior plant growth-promoting traits, particularly 343 

increased antifungal activity and the production of ammonia, indole acetic acid, and 344 

siderophores. This is further exemplified by the study by Firdu et al. (2022), which found that 345 

co-inoculation of B. subtilis and T. harzianum effectively controls diseases such as chocolate spot 346 

caused by Botrytis fabae or Botrytis cinerea, reducing reliance on chemical fungicides.  347 

As individual constituents, Bacillus spp. are well known for producing a broad range of 348 

antimicrobial peptides, including linear and cyclic lipopeptides (surfactin, fengycin, iturin), 349 

bacteriocins, and diverse hydrolytic enzymes, which compromise cell membrane integrity, 350 

disrupt cell wall synthesis, and interfere with cell homeostasis (Alvarez-Ordóñez et al., 2014; 351 

Lorente-Torres et al., 2025; Saggese et al., 2022). Several studies have demonstrated the broad-352 

spectrum antagonistic capacity of Bacillus spp. against both Gram-negative and Gram-positive 353 

plant pathogens across diverse hosts and environments, primarily mediated by their secondary 354 

metabolites (Beneduzi et al., 2012; Cui et al., 2024; Miljaković et al., 2020; Prasad et al., 2023). 355 

For instance, Bacillus subtilis suppresses infection by the Gram-negative pathogen Pseudomonas 356 

syringae on plant roots through stable biofilm formation and the production of the lipopeptide 357 

surfactin (Bais et al., 2004). Similarly, Bacillus thuringiensis has been reported to inhibit the 358 

growth of Xanthomonas vesicatoria in chili through direct antagonism and the induction of plant 359 

resistance mechanisms (Aziz et al., 2024). Antagonistic activity has also been documented 360 

against Gram-positive pathogens; for example, Bacillus amyloliquefaciens strain S1 significantly 361 

inhibited Clavibacter michiganensis and reduced bacterial canker incidence in tomato (Gautam 362 

et al., 2019). Likewise, Bacillus subtilis DJM-51 demonstrated strong inhibitory activity against 363 

Clavibacter michiganensis subsp. michiganensis, with suppression attributed to antimicrobial 364 

compounds produced by the bacterium (Jung et al., 2014). Some Bacillus species, such as B. 365 

subtilis, allocate up to 5% of their genome to the synthesis of these metabolites, showing their 366 

evolutionary specialization for competitive interactions (Caulier et al., 2019).  367 

Complementing the Bacillus antagonism, Trichoderma harzianum contributes additional 368 

ecological and biochemical mechanisms. Widely used as a biocontrol agent against soil-borne 369 

and foliar pathogens, T. harzianum rapidly colonizes root surfaces, competes effectively for 370 
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nutrients and space, induces systemic resistance in plants, and secretes antimicrobial metabolites 371 

such as peptaibols, polyketides, hydrolytic enzymes, and volatile organic compounds (Asad, 372 

2022; Dos Santos & Dos Santos, 2025; Rashid, 2025). Although its primary targets are fungi, 373 

metabolites, particularly peptides and volatile organic compounds produced by Trichoderma, can 374 

also inhibit bacterial growth, such as Ralstonia solanacearum, Xanthomonas, Agrobacterium, 375 

and Erwinia (Guzmán-Guzmán et al., 2024; Tyśkiewicz et al., 2022; Zhang et al., 2022). When 376 

functioning in a consortium with Bacillus, Trichoderma can enhance the overall efficacy of the 377 

consortium by spatially structuring the rhizosphere. The filamentous hyphal network increases 378 

root surface coverage and creates a more competitive microenvironment, reinforcing the niche 379 

exclusion of invading pathogens (Hafiz et al., 2022; Rigobelo et al., 2024; Santoyo et al., 2024). 380 

The combined effects of rapid surface colonization, nutrient sequestration, antibiosis, and plant-381 

mediated defense induction likely produced the emergent enhanced suppression observed in the 382 

TG treatment against Listeria monocytogenes and Salmonella Typhimurium, compared to the 383 

single-species Bacillus subtilis QST 713-based inoculant (SN).  384 

The greater efficacy of the TG consortium against L. monocytogenes than against S. 385 

Typhimurium could be attributed to the fact that Bacillus metabolites are generally more potent 386 

against Gram-positive microorganisms (Nicolas, 2025; Zhang et al., 2022). Gram-positive 387 

Listeria is more vulnerable to cell-wall degrading enzymes, bacteriocins, and lipopeptides 388 

targeting peptidoglycan-rich surfaces, whereas the Gram-negative Salmonella is shielded by an 389 

outer membrane that restricts antimicrobial access (Alvarez-Ordóñez et al., 2014; Caulier et al., 390 

2019; Cui et al., 2024; Sharma et al., 2018). The findings align with previous studies 391 

documenting the strong anti-Listeria activity of several Bacillus species, mediated by secondary 392 

metabolites in in-vitro and in animal models, particularly bacteriocins and lipopeptides (Lorente-393 

Torres et al., 2025; Saggese et al., 2022). Lorente-Torres et al. (2025) demonstrated that B. 394 

subtilis CECT 8266 completely inhibited intracellular replication of Listeria and only partially 395 

suppressed Salmonella Typhimurium, a pattern consistent with the differential susceptibility 396 

observed in the present study. Consistent with this, inhibition zones and reduction rates for 397 

Listeria are generally larger when exposed to Bacillus metabolites (Sabaté & Audisio, 2013). 398 

Additionally, Salmonella is a stronger biofilm former under nutrient-poor conditions than 399 

Listeria (Kostaki et al., 2012; Stepanović et al., 2004), a characteristic of hydroponic systems 400 

that may contribute to greater persistence than that of L. monocytogenes. 401 
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The differential suppression patterns observed between L. monocytogenes and S. Typhimurium 402 

across hydroponic systems indicate that the efficacy of the Bacillus-Trichoderma (TG) 403 

consortium is strongly influenced by the interaction between pathogen-specific physiology and 404 

system-level environmental dynamics. TG was more effective against L. monocytogenes in NFT 405 

but against S. Typhimurium in DWC. This variation likely reflects interactions among 406 

hydrodynamics, biofilm structure, antimicrobial metabolite dynamics, and pathogen stress 407 

adaptation mechanisms.  408 

NFT systems include a thin, continuously flowing nutrient film that creates intermittent nutrient 409 

exposure, shear stress, and oxygen-rich conditions (Sharma et al., 2018; Yuvaraj et al., 2020). 410 

These conditions favor rapid root colonization by Bacillus and Trichoderma (Govindasamy et al., 411 

2010; Harman, 2007; Seo et al., 2007), while hindering the ability of Listeria to form stable, 412 

protective biofilms, which is its primary survival strategy (Jordan & McAuliffe, 2018; Moltz & 413 

Martin, 2005; Roberts et al., 2020). Under NFT nutrient oscillatory conditions, competition with 414 

fast-growing Bacillus spp. or Trichoderma for readily available carbon intensifies, and the 415 

consortium has a greater competitive advantage than Listeria (Guzmán-Guzmán et al., 2023; 416 

Miljaković et al., 2020). The rapid colonization of roots by the consortium creates a strong 417 

competitive exclusion barrier, preventing or disrupting Listeria biofilm formation. L. 418 

monocytogenes, although highly stress-tolerant, relies heavily on surface attachment and biofilm 419 

integration for persistence in aqueous agricultural systems (Byun & Kim, 2023; Moltz & Martin, 420 

2005; Puga et al., 2018; Roberts et al., 2020), which is further disrupted by the constant flow, 421 

periodic desiccation, and shear forces in NFT. This disruption and competitive exclusion leave 422 

Listeria cells more exposed to antimicrobial metabolites and hydrolytic enzymes produced by the 423 

consortium. This is compounded by the fact that, as a facultative anaerobe, L. monocytogenes has 424 

reduced adaptive capacity to stressors other than oxidative stress in highly aerated environments 425 

(Roberts et al., 2020; Saleh & Sharkawy, 2022), making it more vulnerable to antagonistic 426 

activity in well-oxygenated, flowing systems like NFT.  Moreover, NFT systems generate 427 

localized microzones of concentrated metabolites on the rhizoplane before metabolites are 428 

diluted downstream. Although overall metabolite accumulation may be lower due to continuous 429 

flow, the repeated short-term exposure to freshly secreted antimicrobials at the root surface could 430 

impose cumulative stress. L. monocytogenes possesses a robust σB-regulated general stress 431 

response that enables adaptation to osmotic and oxidative stresses (Guerreiro et al., 2020; Liu et 432 
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al., 2019); however, the oscillatory and multifactorial stressors that include mechanical 433 

disruption combined with intermittent nutrient limitations and antimicrobial exposure likely 434 

exceeded this capacity, enhancing suppression. In contrast, DWC systems provide a relatively 435 

static environment, maintain roots in a continuously submerged and mechanically less aerated 436 

solution (Yuvaraj et al., 2020), promoting stable physicochemical conditions and extended 437 

microbial residence time, conditions that favor the persistence of Listeria (Jordan & McAuliffe, 438 

2018; Roberts et al., 2020). While these conditions can favor the establishment of TG-derived 439 

microbial communities, they also allow Listeria to integrate more effectively into multispecies 440 

biofilms, including those formed by the Bacillus-Trichoderma consortium, which provides 441 

spatial protection, reducing the effective concentration of antimicrobial metabolites at the 442 

cellular level. Sustained but sublethal exposure to TG metabolites in DWC preferentially induces 443 

stress adaptation rather than lethality (Ryan et al., 2008), enabling Listeria persistence. 444 

Furthermore, the continuous immersion in DWC facilitates uniform access to dissolved root 445 

exudates, potentially supporting Listeria survival under competitive pressure. The suppression 446 

pattern for S.Typhimurium followed a different trajectory, with the TG consortium being more 447 

effective in DWC than in NFT. Salmonella thrives in oxygenated, nutrient-fluctuating 448 

environments such as NFT (Dandekar et al., 2012, 2015). Thus, reduced aeration, slower nutrient 449 

turnover, and higher metabolite accumulation in DWC may have disadvantaged Salmonella. 450 

Furthermore, the antifungal and antibacterial secondary metabolites produced by Bacillus and 451 

Trichoderma are more likely to accumulate in the relatively static nutrient reservoirs of DWC, 452 

creating localized antimicrobial concentrations and sustained exposure to the metabolites, 453 

inhibiting Salmonella growth (Mukherjee et al., 2013; Ongena & Jacques, 2008).  454 

Contrary to its established reputation as a biocontrol agent, the Streptomyces lydicus-based 455 

bioinoculant (AC) did not suppress L. monocytogenes or S. Typhimurium in hydroponic systems 456 

and appeared to facilitate their persistence, suggesting that the ecological niche created by S. 457 

lydicus provides a net fitness advantage to these enteric pathogens. Streptomyces species are 458 

filamentous, Gram-positive soil actinobacteria widely recognized for their broad biocontrol 459 

potential, typically mediated through antibiosis, nutrient competition, and the production of 460 

diverse secondary metabolites such as nucleoside antibiotics and macrocyclic lactones (Khan et 461 

al., 2023; Luo et al., 2025; Vurukonda et al., 2018). S. lydicus disrupts fungal pathogens and 462 

bacteria through membrane damage and reactive oxygen species generation (Bonaterra et al., 463 
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2022; Vurukonda et al., 2018; Wang et al., 2022). The WYEC 108 strain is particularly known 464 

for protecting plants from soil- and foliar-borne fungi such as Pythium, Fusarium, and 465 

Rhizoctonia by colonizing roots, producing antifungal metabolites, and secreting chitinases to 466 

degrade fungal cell walls (Cuppels et al., 2013; Yuan & Crawford, 1995). This characteristic 467 

must have indirectly favored the survival of the enteric pathogens. In a diverse microbial 468 

community, enteric pathogens must compete with indigenous microbiota for limited nutrient 469 

resources and attachment sites (Critzer & Doyle, 2010), a disadvantage that can be reduced when 470 

S. lydicus, an aggressive colonizer, suppresses a wide array of non-target natural resident fungal 471 

and bacterial species. S. lydicus may inadvertently free up resources and clear ecological niches, 472 

reducing the interspecific competition faced by L. monocytogenes and S. Typhimurium. When 473 

the complexity of the resident microbiota is reduced, the survival of opportunistic human 474 

pathogens is often enhanced, as they can exploit a sudden resource surplus without the pressure 475 

from a diverse antagonistic guild (Singh et al., 2025).  Additionally, Streptomyces can alter root 476 

exudation patterns, potentially increasing the availability of simple sugars and organic acids that 477 

pathogens, such as Salmonella, can exploit (Olanrewaju & Babalola, 2018; Vurukonda et al., 478 

2018).  479 

PGPR bioinoculants have been used in both soil and soilless systems, especially in horticulture 480 

and urban agriculture, to increase yield and suppress plant pathogens (Azizoglu et al., 2021; 481 

Govindasamy et al., 2010; Kumar et al., 2021; Miljaković et al., 2020; Prasad et al., 2023; 482 

Santoyo et al., 2024). In hydroponics, Bacillus species such as B. subtilis and B. megaterium 483 

have been shown to promote the growth of crops such as cucumber, tomato, and lettuce by 484 

producing phytohormones (IAA, cytokinins, gibberellins), thereby enhancing yield (Thomas et 485 

al., 2024), while Trichoderma harzianum has been shown to increase lettuce yield (Moreira et 486 

al., 2022) and cucumber shoot dry weight by up to 40% (Yedidia et al., 2001) in similar settings. 487 

Some Streptomyces species have also been reported to improve root and shoot dry weight in 488 

crops such as cucumber (Orouji et al., 2023; Vurukonda et al., 2018). In the current study, 489 

however, PGPR treatments did not enhance basil growth, with the uninoculated control 490 

producing the highest shoot dry weight. This may be due to the species composition and 491 

characteristics of the bioinoculants. Streptomyces lydicus WYEC108, for example, primarily 492 

works as a biocontrol agent against soil-borne pathogens (such as Pythium, Fusarium, and 493 

Rhizoctonia) rather than directly promoting yield (Khan et al., 2023; Olanrewaju & Babalola, 494 
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2018; Vurukonda et al., 2018; Yuan & Crawford, 1995). Bacillus-only and Bacillus-Trichoderma 495 

consortia resulted in lower shoot biomass in hydroponically grown basil, likely due to 496 

competition for resources and disruption of nutrient uptake in nutrient-rich, microbially sparse 497 

environments such as hydroponics. Both Trichoderma and Bacillus are highly efficient at 498 

consuming nutrients such as phosphorus and iron, and in hydroponics, their rapid proliferation 499 

may outcompete basil roots, thereby reducing plant nutrient uptake (Plocek et al., 2024). 500 

Trichoderma, an aggressive and opportunistic fungus (Schuster & Schmoll, 2010), can quickly 501 

colonize roots, competing for nutrients and oxygen, and further suppressing nutrient uptake 502 

(Plocek et al., 2024). Similar findings were reported by Plocek et al. (2024), who found that the 503 

introduction of Trichoderma into NFT and deep-water hydroponic systems reduced uptake 504 

efficiency, resulting in lower fresh weight, root length, nutrient composition, and growth index in 505 

Pac Choi. This effect may be intensified in the presence of Bacillus, which can increase 506 

Trichoderma populations up to tenfold, accelerating root-zone colonization (Hafiz et al., 2022). 507 

5. Conclusions 508 

This study provides novel evidence that commercial plant growth-promoting rhizobacteria 509 

(PGPR) bioinoculants can serve as a viable strategy for mitigating the persistence of foodborne 510 

pathogens, specifically, Listeria monocytogenes and Salmonella enterica serovar Typhimurium 511 

in hydroponic production systems, but their efficacy is highly context-dependent. Suppression 512 

outcomes are shaped not only by the pathogen but also by the inoculant composition, hydroponic 513 

system design, and production cycle stage. The multispecies Bacillus–Trichoderma harzianum 514 

consortium (TG) consistently exhibited greater antagonism for both pathogens. These results 515 

highlight the advantages of multispecies consortia to achieve broader and more stable pathogen 516 

suppression compared to single-species inoculants. Moreover, the differential efficacy across 517 

NFT and DWC systems illustrates the importance of system-specific dynamics in understanding 518 

PGPR–pathogen interactions. Conversely, the Streptomyces lydicus-based inoculant 519 

unexpectedly enhanced the persistence of both pathogens relative to uninoculated controls.  520 

This finding cautions against the uncritical application of bioinoculants, which are primarily 521 

developed for plant disease management, as their effects on human foodborne pathogens may not 522 

align with anticipated outcomes. The incomplete and inconsistent suppression of both Listeria 523 

and Salmonella across treatments highlights that bioinoculants should complement, rather than 524 

replace, existing safety measures such as water and system sanitation and routine microbial 525 
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monitoring. Overall, these results advance the understanding of how PGPR function in controlled 526 

environment agriculture and point to the potential of carefully selected, multispecies 527 

bioinoculants for improving microbial food safety in hydroponics. At the same time, the study 528 

emphasizes the need for pathogen-specific and system-specific considerations before integrating 529 

PGPR into food safety management strategies. Future studies should explore the underlying 530 

molecular mechanisms of PGPR–pathogen interactions and optimize inoculant formulations for 531 

food safety benefits. 532 
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Figures 904 

 905 

Figure 1. Percentage pathogen reduction of Listeria monocytogenes (A) and Salmonella 906 

Typhimurium (B) in the nutrient solution and roots following application of the plant growth-907 

promoting rhizobacteria (PGPR) bioinoculants in nutrient film technique (NFT) and deep-water 908 

culture (DWC) hydroponic systems. AC (Streptomyces-based bioinoculant), SN (Bacillus 909 

subtilis-based bioinoculant), and TG (Bacillus–Trichoderma harzianum consortium). Dashed 910 

lines represent the natural pathogen decline for the uninoculated controls (these represent the 911 

survival dynamics of the pathogen – Listeria (A) or Salmonella (B) in the nutrient solution and 912 

root samples when no PGPR bioinoculant was applied). PGPR stands for plant growth-913 

promoting rhizobacteria 914 

 915 
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 916 

Figure 2. Effect of different plant growth-promoting rhizobacteria (PGPR)  bioinoculants on 917 

Listeria monocytogenes counts in the roots and in the nutrient solution (NS) over a 28-day basil 918 

production cycle in deep-water culture (DWC) and nutrient-film technique (NFT) hydroponic 919 

systems. LOD – limit of detection at 1 CFU/g/mL (~0.30 Log CFU/g/mL). LOQ – Limit of 920 

quantification at 25 CFU/g/mL (~1.41 CFU/g/mL). 921 
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 922 

Figure 3.Effect of different plant growth-promoting rhizobacteria (PGPR)  bioinoculants on 923 

Salmonella Typhimurium counts in the roots and nutrient solution (NS) over a 28-day basil 924 

production cycle in deep water culture (DWC) and nutrient film technique (NFT) hydroponic 925 

systems. LOD – limit of detection at 1 CFU/g/mL (~0.30 Log CFU/g/mL). LOQ – Limit of 926 

quantification at 25 CFU/g/mL (~1.41 CFU/g/mL). 927 Jo
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