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Abstract 

The consumption of higher-quality, sustainably produced food is a growing demand of the consumer market and 

represents an essential strategy for preserving natural resources and maintaining soil quality. This sustainable 

paradigm has driven the expansion of the bio-input market, such as inoculants based on beneficial microorganisms, 

among which plant growth-promoting bacteria (PGPB) stand out. Among the PGPB, those of Pseudomonas genus 

show potential to promote plant growth even in the seedling stage, providing greater protection and resilience against 

plausible practices and diseases present in the soil, as distributed in lettuce cultivation. Lettuce, in turn, is the most 

commercially traded leafy vegetable in Brazil, and its cultivation is in a constant process of innovation. Despite the 

economic and agronomic relevance of lettuce, studies demonstrating the positive effects of PGPB of Pseudomonas 

genus on the production of seedlings are still scarce. This study evaluated the effect of 21 Pseudomonas strains on 

lettuce seedling production, as well as the potential of these strains to synthesize metabolites associated with plant 

development. The 21 strains tested, 78 % stimulated greater shoot and root growth, while at least 71 % produced at 

least one metabolite capable of promoting plant growth. This study characterized and selected Pseudomonas strains 

for potential use in bioprospecting bacteria to produce bio-inputs for more sustainable agriculture. 

Keywords: Rhizobacteria; Bioinputs; Microbial inoculants. 

 

Resumo 

O consumo de alimentos mais saudáveis e produzidos de forma sustentável constitui uma exigência crescente do 

mercado consumidor e representa uma estratégia essencial para a preservação dos recursos naturais e a manutenção da 

qualidade do solo. Esse paradigma sustentável impulsionou a expansão do mercado de bioinsumos, como os 

inoculantes à base de microrganismos benéficos, entre os quais se destacam as bactérias promotoras do crescimento 

de plantas (BPCPs). Entre as BPCPs, as do gênero Pseudomonas apresentam potencial para promover o crescimento 

vegetal ainda na fase de mudas, conferindo maior proteção e capacidade de enfrentamento contra pragas e doenças 

presentes no solo, como observado na cultura da alface. A alface, por sua vez, é a hortaliça folhosa mais 

comercializada no Brasil, e seu cultivo encontra-se em constante processo de inovação. Apesar da relevância 
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econômica e agronômica da alface, ainda são escassos os estudos que demonstram os efeitos positivos das PGPB do 

gênero Pseudomonas na produção de mudas dessa hortaliça. O presente estudo avaliou o efeito de 21 isolados de 

Pseudomonas na produção de mudas de alface, bem como o potencial desses isolados em sintetizar metabólitos 

associados ao desenvolvimento vegetal. Dos 21 isolados testados 78 % estimularam maior crescimento da parte aérea 

e das raízes, enquanto pelo menos 71 % produziram ao menos um metabólito capaz de favorecer o crescimento das 

plantas. Este estudo caracterizou e selecionou isolados de Pseudomonas como potencial uso em programas de 

bioprospecção de bactérias para a produção de bioinsumos para a agricultura mais sustentável. 

Palavras-chave: Rizobactérias; Bioinsumos; Inoculantes microbianos. 

 

Resumen 

El consumo de alimentos más saludables y producidos de forma sostenible es una demanda creciente del mercado de 

consumo y representa una estrategia esencial para la preservación de los recursos naturales y el mantenimiento de la 

calidad del suelo. Este paradigma sostenible ha impulsado la expansión del mercado de bioinsumos, como los 

inoculantes basados en microorganismos beneficiosos, entre los que destacan las bacterias promotoras del crecimiento 

vegetal (BPCV). Entre las BPCV, las del género Pseudomonas muestran potencial para promover el crecimiento de 

las plantas en la etapa de plántula, proporcionando mayor protección contra plagas y enfermedades presentes en el 

suelo, como se observa en el cultivo de lechuga. La lechuga es la hortaliza de hoja más comercializada en Brasil, y su 

cultivo se encuentra en constante innovación. A pesar de la relevancia económica y agronómica de la lechuga, los 

estudios que demuestran los efectos positivos de Pseudomonas en la producción de plántulas de lechuga aún son 

escasos. Este estudio evaluó el efecto de 21 aislamientos de Pseudomonas en la producción de plántulas de lechuga y 

el potencial de estos aislamientos para sintetizar metabolitos asociados con el desarrollo de la planta. De los 21 

aislados analizados, el 78% estimuló un mayor crecimiento de brotes y raíces, mientras que al menos el 71% produjo 

al menos un metabolito capaz de promover el crecimiento vegetal. Este estudio caracterizó y seleccionó aislados de 

Pseudomonas para su posible uso en programas de bioprospección de bacterias destinadas a la producción de 

bioinsumos para una agricultura más sostenible. 

Palabras clave: Rizobactérias; Bioinsumos; Inoculantes microbianos. 

 

1. Introduction  

The consumption of organic foods or foods produced with lower input, such as agrochemicals, has increased 

worldwide, including in Brazil. This sustainable concept has opened the market for inoculants, which include beneficial 

microorganisms (BM) that can completely or partially replace chemical fertilizers, as well as fungicides or nematicides. 

Among these microorganisms, bacteria that colonize the rhizosphere of plants can stimulate the development of the host crop, 

when they are called plant growth-promoting rhizobacteria (PGPR). These microorganisms can be applied relatively easily 

during the seedling production phase and, in this way, promote their growth and greater root development, taking them to the 

field with a greater capacity to face challenges and diseases presented in the soil. Rhizobacteria inoculation in seedlings, 

promoting their growth and enrichment, can also meet market demands for more sustainable products, produced with less 

environmental impact. Studies show a positive effect of endophytic bacteria and rhizobacteria on the development of several 

crops of agricultural interest, such as lettuce, sugarcane, coffee, cotton, among others, with increases in biomass production, 

due to the optimization of photosynthesis and nitrogen metabolism (Cipriano et al., 2016; Rossetto et al., 2021, Souza et al. , 

2025, Zonta et al., 2026). 

The beneficial effect triggered by rhizobacteria may be related to the nutritional status improvement of the plant, 

promoted by biological nitrogen fixation (BNF), phosphate solubilization, production of siderophores and hormones (such as 

indoleacetic acid - IAA), production of exopolysaccharides (EPS), and 1-aminocyclopropane-1- carboxylate (ACC) deaminase 

among others (Otieno et al., 2015; Naing et al., 2021; Timofeeva et al., 2022). The production of compounds with biological 

control properties, such as the production of hydrocyanic acid (HCN) and various antagonistic substances, is capable of 

inhibiting the growth of phytopathogens (Olanrewaju et al., 2017; Subedi et al., 2020). 

The lettuce (Lactuca sativa L.), a leafy vegetables, is the most produced and consumed in Brazil. Its production is 

mainly concentrated in the states of São Paulo, Minas Gerais, and Rio de Janeiro. The São Paulo green belt accounts for more 

than 80% of the vegetables sold at CEAGESP (São Paulo's wholesale market). Lettuce cultivation occurs in organic, 
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hydroponic, protected cultivation, and open-field systems, the latter being the most widely used. Most lettuce production in 

Brazil has been practiced in soil, in open fields, despite the numerous losses and limitations that occur in summer cultivation 

(Sala & Costa, 2012). However, the consumption of leafy vegetables has increased mainly due to the increase in the 

population's purchasing power and the growing concern for a healthier and lower-calorie diet (Martins et al., 2009). Therefore, 

it is necessary for producers to produce in quantity, with quality, and throughout the year to meet consumer market demand. To 

overcome this challenge, it is necessary to use high-productivity farming systems (Furlani & Purquerio, 2010). 

Lettuce cultivation in Brazil is constantly innovating and rapidly incorporating new techniques in the areas of crop 

science and genetic improvement (Sala & Costa, 2012). The varietal types produced in Brazil are smooth, curly, mimosa, 

iceberg, romaine, red/purple, and mini-lettuce (Sala & Costa 2008). The curly type leads the market and accounts for 

approximately 60% of the total production area. 

The demand for microorganisms that can promote growth and improve the quality of lettuce heads produced in 

conventional, organic, and even hydroponic systems is increasing. Studies show that beneficial bacteria, including 

rhizobacteria, especially of the genus Pseudomonas, can promote growth and increase the fresh and dry biomass of lettuce 

plants in both hydroponic and conventional cultivation in raised beds (Cipriano et al., 2013, Cipriano et al., 2016, Venancio et 

al., 2019), in addition to improving the physical and chemical conditions of the soil (Araújo Neto et al., 2012). Furthermore, 

Pseudomonas-based inoculants have already shown positive aspects in the concept that include not only lettuce productivity, 

related to biomass production, but also the capacity for biological control, maintaining the plants' nutritional status adequately 

and ensuring more sustainable management (Passera et al., 2020). 

The bioprospecting of beneficial microorganisms, such as PGPR, that can be used as microbial inoculants to increase 

seedling production is ongoing and in line with initiatives for more sustainable food production methods. Therefore, the aims 

of this study were to select Pseudomonas rhizobacteria strains that promote greater growth of lettuce seedlings and to 

characterize these strains regarding their capacity to produce metabolites related to plant growth promotion. 

 

2. Methodology  

An experimental, laboratory-based study was conducted, using a qualitative and quantitative approach (Pereira et al., 

2018; Risemberg et al., 2026) and employing statistical analysis (Vieira, 2021; Costa Neto & Bekman, 2009). 

 

2.1 Rhizobacteria strains 

In the present study we evaluated 21 Pseudomonas spp. strains from the Beneficial Microorganisms collection of the 

Microbiology Laboratory, Department of Plant Protection, São Paulo State University, School of Agronomic Sciences, 

Botucatu, São Paulo, Brazil. The microorganisms, preserved in King B culture medium (BK) (King et al., 1954) with mineral 

oil at 4 °C, were subcultured and multiplied in solid and liquid BK culture medium, according to the purpose of each test. 

 

2.2 Characterization of metabolites produced by rhizobacteria 

a) Indoleacetic acid (IAA) - the bacterial strains were grown in culture medium with L-tryptophan, the precursor of IAA, 

covered with a nitrocellulose membrane and incubated at 28 ºC in the dark for 24 h (Bric, Bostock and Silverston 1991). After 

this time, the nitrocellulose membrane were immersed in Salkowski’s solution and incubated at room temperature for up to 4 h. 

The red-purplish color halo around the colonies indicated IAA production. Each strains was tested in three replicates.  
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b) ACC deaminase - to evaluate the ACC deaminase activity the strains were cultured and incubated for 4 days at 28 ºC, and 

growth indicated ACC deaminase production with ACC deaminase as the sole nitrogen source, according Penrose and Glick 

(2003) method. Each strain was tested in three replicates 

 

c) Siderophore - production was assessed using the method proposed by Schwyn and Neilands (1987). The strains were grown 

on nutrient broth at 28 °C for 48 h with constant agitation, followed by centrifugation at 12 000 g for 10 min. The resuspension 

phase (100 μL) from each strain was transferred to a microtiter plate, to which 100 μL of Chromoblue S (CAS-Merck ®) 

indicator solution was added. Strains that changed color from blue to yellow were considered positive for siderophore 

production. The test was conducted with three biological replicates. 

 

2.3 Effect of rhizobacteria on lettuce seedlings production 

a) Preparation of bacterial inocula 

The preparation of the bacterial strains suspension was carried out by culturing the strains in BK culture medium. The 

rhizobacteria were first cultured in 120 mL of this liquid medium, then centrifuged and transferred to a 0.01 mol.L -1 

MgSO4.7H2O solution. An estimative of the bacterial cells concentration was done by counting the number of colony-forming 

units (CFU), performed in Petri dishes with BK culture medium. The inoculum concentration used for all strains was 108 

CFU/mL. 

 

b) Screening of rhizobacteria strains on lettuce seedlings  

Pelleted seeds of curly lettuce (cv. Veronica) were sown in trays with 200 cells, with commercial substrate  

(Tropstrato HA Vegetables). After seed emergence, 3 mL of bacterial suspension of rhizobacteria strains was inoculated into 

each cell, and after 7 and 15 days the seedlings were treated with a nutrient solution adapted and formulated according to the 

recommendation of Furlani et al. (1999). The harvest of the first experiment was carried out 45 days after sowing and in the  

second experiment the harvest was carried out 25 days after sowing. In the second experiment the bacteria Pseudomonas 

fluorescens IAC-Beca141 (Cipriano et al., 2021) and Pantoea dispersa IAC-BEca128 (Silveira et al., 2018) were tested as a 

positive control, since they were selected as plant growth promoting bacteria (PGPB).  

At the time of harvest, the roots were separated from the shoots, washed and all the material was kept in an oven at 70 

°C for drying. Then the plant parts were weighed to obtain dry matter mass. Each treatment consisted of four replicates, with 

each reproduction consisting of four seedlings. All experiments were randomized. The data were analyzed by ANOVA using 

the Scott-Knott test at a 5% probability. 

 

3. Results  

3.1 Plant growth promoting effect due rhizobaterial tretament 

 In the first experiment, all the strains evaluated improved the shoot biomass and seedlings inoculated with the strains Riz52, 

Riz49, Riz50, Riz53 and Riz48 exhibited highest shoot promotion (Figure 1a). The strains Riz49, Riz50, 53 and Riz48 

improved the root growth. The mixture of Riz46 and Riz48 did not improved the plant biomass production.   
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Figure 1 - Shoot and root dry mass (g/plant) of lettuce seedlings treated with bacterial strains. 

Experiment 1 

 
Experiment 2 

 

*Means followed by the same letters do not differ from each other using the Scott-Knott test (P<0.05). Source: Authors. 

 

In the second experiment, ten strains evaluated were able to improve the shoot biomass (Riz46, Riz28, Riz36, BE128, 

Riz33, Riz41, Riz42, Riz31, BE141, Riz32 and Riz35 (Figure 1b). Part of these strains (Riz36, BE128, Riz33, Riz41, Riz42, 

Riz31, BE141, Riz32 and Riz35) yielded the highest values for root dry mass. The other strains did not impacted the root 

biomass.  

 

3.2 Rhizobacterial traits for plant growth-promoting   

From all strains evaluated 71% produced at least one of the metabolites evaluated (Table 1). Regarding the AIA 

production, 42% of the strains (Riz48, Riz35, Riz36, Riz46, Riz49, Riz52, Riz53, Riz56 and BE141) were able to produce this 

phytohormone. Part of the strains (52%) were able to produce ACC deaminase and 47% of the strains produced siderophore. 

 

c 

a) 

b) 
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Table 1 - Summary about the bacteria strains metabolites production and plant growth promotion on lettuce seedlings. 

IAA:indole-acetid acid; ACC:1-aminocyclopropane-1-carboxylate deaminase; Sid:siderophore. 

 PGPB traits Plant growth promoting 
Strains AIA ACC Sid Shoot Root 

Riz28      
Riz31      
Riz32      
Riz33      
Riz35      
Riz36      
Riz40      
Riz 41      
Riz42      
Riz46      
Riz47      
Riz48      
Riz49      
Riz50      
Riz51      
Riz52      
Riz53      
Riz55      
Riz56      

Beca128      
Beca141      

Green: metabolites production and plant growth improvement. 

Grey: absence of effect. Source: Authors. 
 

4. Discussion 

The beneficial effect of plant growth-promoting bacteria (PGPBs), such as those of the genera Azospirillum, Bacillus, 

Pseudomonas, among others, is reported in different perennial and semi-perennial crops such as coffee and sugarcane, 

respectively (de Souza et al. 2025, Jakubowska et al., 2025, da Silva et al 2026). Nowadays, the use of PGPB has expanded to 

other crops, such as vegetables (Menezes et al., 2024; Lorenz et al., 2025). 

The results obtained in the present study point to promising and unprecedented data on bacteria that are candidates for 

inoculants for the production of lettuce seedlings, in accordance with the proposed objectives. The search for PGPB strains is 

constant because some microorganisms may lose viability and consequent beneficial effect on the crop, and new strains may be 

more efficient than others. For example, strains BE128 (Pantoea dispersa) and BE141 (Pseudomonas fluorescens), with 

proven effects as PGPB in sugarcane cultivation (Silveira et al., 2018, Cipriano et al. 2021), showed good results in the present 

study, now in lettuce (Experiment 2 – Figure 1b). However, strains Riz32 and Riz35 were able to stimulate greater shoot 

growth than the previous strains. This shows that the bioprospecting of new strains with the potential to increase biomass, 

aiming at more sustainable agricultural production, is ongoing. 

In the first experiment, all strains stimulated greater shoot growth, and some of these strains were also able to 

stimulate root growth. In this experiment, the consortium between Riz46 and Riz48 was evaluated, demonstrating a superior 

beneficial effect compared to inoculation with the single strain Riz46. However, the effect of the single strain Rz48 was greater 

than the tested consortium (Figure 1a), regarding the shoot biomass improvement. Surprisingly, this consortium did not have 

 

Higher 

 

 

 

Biomass increase 

 

 

 

Lowest 
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the best effect on root development when compared to single inoculation of these strains. Nevertheless, a greater increase on 

root biomass was observed compared to the control (without rhizobacteria). Other studies show that consortia between 

Pseudomonas strains can improve the development of lettuce seedlings (Cipriano et al., 2016) or have a beneficial effect on the 

target crop when this consortium occurs between different genera such as Pseudomonas and Azotobacter (Dobrzyński et al., 

2025). The results about the PGPB consortium presented in this study show the promising effect of combining Pseudomonas 

strains for lettuce seedling production. 

In general, the rhizobacteria strains tested had a greater growth effect on the plants shoots, compared to roots (Table 

2). One hypothesis for this result is that the seedling production system, in trays, may limit the greater proliferation of seedling 

roots in this environment. However, in the later phase, on field condition, the roots development can be better, due the soil 

exploration and the PGPB inoculation (Cipriano et al., 2016). 

The results of the metabolite analysis (Table 2) show that most strains produce at least one metabolite that favors plant 

development. IAA is a phytohormone, produced by microorganisms such as PGPB, that stimulates expansion, division, and 

elongation of plant cells (Duca et al., 2014; Goswamia et al., 2015). The production of ACC deaminase and siderophores by 

rhizobacteria are desirable characteristics in PGPB, as these metabolites help plants cope better with stress, increase iron 

availability for the plant, and act in the control of phytopathogens (Compant et al., 2005; Naing et al., 2021). The study 

presented here shows that some of the metabolites produced may have benefited the plant growth of lettuce seedlings. 

However, it is noteworthy that some strains, such as Riz47, Riz48, Riz50, and Rz51, did not produce any of the analyzed 

metabolites and yet stimulated greater seedling growth. Studies show that PGPB can trigger a beneficial effect due other 

mechanisms, which we did not investigate in this study, such as the phytohormones production, like gibberellins, 

exopolysaccharide (EPS) production, hydrocyanic acid, biological nitrogen fixation, among other mechanisms (Roslan et al., 

2020; Hasan et al., 2024). 

 

5. Conclusion 

The rhizobacteria strains, from Pseudomonas genus, were able to improve the lettuce seedling growth (Figure 2) in 

the experiments conduced in this study.  This rhizobacteria group is extented studied aiming to improve the more sustainable 

growth of diferent plant species since from perennial plants to annuals, and short-cycle plants like vegetables. The results 

obtained in this study point to new and promising data on the strains as candidate for inoculants in the production of lettuce 

seedlings, in accordance with the proposed objectives. These results meet the need of the seedlings producers to produce more 

robust seedlings, due to the greater production of biomass, which can guarantee greater success in field development, as well  

as accelerate the production process, obtaining more production cycles per year.   

 

Figure 2 - Lettuce seedlings without (a) or with rhizobacteria inoculation (b). 

 
Source: Authors. 
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