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Background: Phytophthora infestans (P. infestans) and other plant infections threaten global agriculture and food security. This research incorporated Pseudomonas strains in microbial consortia to boost plant tolerance to P. infestans. The P. infestans fungus causes collapse and deterioration in many crops like potatoes by quickly spreading through their tubers and leaves in warm, damp weather.

Objective: The main goals were to identify effective Pseudomonas strains (those with high inhibitory activity), test their interactions (both inhibitory and synergistic), and determine the effect of inoculum density on disease treatment.

Methods: We used the following methodologies, from potato shoots and rhizosphere samples, Nine different strains of the antifungal bacterium Pseudomonas which were identified with preliminary antifungal activity. Bintje showed the greatest resistance to P. infestans among the three potato types that were examined. Methods utilized comprised: Quantification of bacterial density and growth, the inhibitory assays for P. infestans, experiments on leaf disc infections, Assessing the severity of an infection, Analysis of zoospore discharge. Studies on the integrated development of bacteria and valuation using statistical methods.

Results: The study revealed the complexity of microbial interactions, host-specific reactions, and cell density's impact on treatment success. The study suggests using Pseudomonas strains as biocontrol agents, advancing sustainable agriculture. Microbial consortia disease management requires advanced methodologies, according to the findings. Investigating long-term ecological impacts on soil health, microbial diversity, and crop yield sustainability; validating identified microbial consortia through field trials; evaluating scalability and economic viability; and researching genetic engineering for customized disease control are recommended.

Conclusions: Results suggest a shift from chemical pesticides to environmentally friendly plant disease control considering its ethical and regulatory implications. This study emphasizes the intricacy of microbial interactions and the need for informed biocontrol decisions. Their study also increases ecological knowledge and encourages innovative, sustainable worldwide agriculture.
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Introduction

Plant diseases pose a considerable risk to global agriculture, impacting food security, crop yields, and ecological equilibrium (Afridi et al., 2022). These microscopic adversaries, including several kinds of nematodes, fungi, viruses, and bacteria, take advantage of holes in plant defenses to cause diseases that can potentially wipe out entire crops (Verma et al., 2023). Unchecked plant diseases have far-reaching effects on human societies and the agricultural landscape (Firoozi and Firoozi, 2023). Plant pathogens result in significant financial losses due to decreased crop quality, lower yields, and higher production costs needed to treat these diseases (Ponnampalam and Holman, 2023). Beyond the immediate loss of crops, there is also an economic cost that includes managing diseases, controlling pests, and developing resistant crop varieties (Balaska et al., 2023).

Moreover, plant diseases have an ecological impact because they upset the ecosystem's delicate balance (Iqbal et al., 2023). As per the findings by Ankit et al. (2020), the extensive application of chemical pesticides and fungicides in the fight against pathogens can cause environmental deterioration and have detrimental effects on non-target organisms, water quality, and soil health. Certain plant species' extinctions may occasionally have a domino effect on entire ecosystems (Sanders et al., 2018). Therefore, developing sustainable agricultural practices that balance environmental stewardship and productivity requires understanding plant pathogens and their complex effects (Kumawat et al., 2022). As one addresses modern agricultural challenges synthetic, it becomes more and more important to deal with the problems that plant pathogens present. This is essential for developing resilient, environmentally responsible, and commercially successful food production systems.

In plant pathology, P. infestans is a dangerous foe that primarily attacks potato plants, wreaking havoc on agriculture (Ivanov et al., 2021; Verma et al., 2023). The late blight disease, which has had a significant impact on global food security and left its mark on history, is caused by this infamouoomycete pathogen. Significant historical events,

Sprinkle P. plagues the mid-nineteenth-century Irish Potato Famine (Carpenter, 2015). Famine, relocation, and death confirmed late blight's severity (Goss et al., 2014). The pathogen's rapid evolution, versatility, and ability to wipe out potato harvests threaten global potato agriculture (Ramakrishnan et al., 2015). Years after the Irish Potato Famine, P. infestans damages crops (Corredor-Moreno and Saunders, 2019). National outbreaks have caused financial losses, food shortages, and livelihood disturbances (Workie et al., 2020). The historical and current significance of P. infestans highlights the necessity for appropriate strategies to mitigate its impact (Ortíz, 2023). Studying this illness is essential to ensuring the world's food supply and potato crops' resilience to biological threats (Botta et al., 2022).

Significant costs to human health, the economy, and the environment have resulted from the growing use of synthetic fertilizers to meet the world's food demands (Behera et al., 2021). In response to these challenges, microbial consortia, including Pseudomonas strains, have emerged as a promising alternative. According to Morales-Cedeño et al. (2021) and Rojas-Solís et al. (2020), plant growth-promoting bacteria (PGPB) are now crucial for plant development, soil fertility, and environmental health. The commercialization of PGPB as microbial inoculants has been prompted by their functional traits, which govern crop growth, development, and productivity (De los Santos Villalobos et al., 2018; Gupta et al., 2013). Microbial consortia are becoming increasingly popular as an environmentally friendly food production strategy to enhance the benefits offered by individual bacterial strains (Panwar et al., 2014; Poszytek et al., 2016; Sarma et al., 2015). Microbial consortia, which are often made up of two or more suitable bacteria interacting synergistically or additively, show higher activity levels than individual strains (Ju et al., 2019). According to Villa-Rodríguez et al. (2019), these consortiums have exhibited remarkable efficacy in alleviating various stressors, such as pests, phytopathogenic infections, salinity, drought, and crop nutrient shortages.

Additionally, certain bacterial consortia can change nutrients, chelate iron, fix nitrogen in the soil, and produce phytohormones. These skills enhance soil quality and reduce the detrimental impacts of traditional farming methods (Gosal and Kaur, 2017). Based on the fermentation strategies used in the production of inoculants, simple and complex bacterial consortia can be distinguished from one another (Bashan et al., 2020). Under field conditions, these consortia's effectiveness depends on the strains' functionality and selection, which calls for consideration of factors like survival, post-inoculation persistence in the soil, and adaptation to unfavorable climatic conditions (Verbruggen et al., 2012).

In the context of microbial consortia, the strain selection process depends on the current environmental conditions in which these strains are intended to be applied, taking host, soil type, and climate into consideration. Remarkably, within a bacterial consortium, each strain serves as a functional rival to encourage plant growth in addition to complementing the others for plant and soil establishment (Morriën, 2016; Ney et al., 2018; Niu et al., 2020; Pandey et al., 2012). The complex interactions among bacterial strains in consortiums demonstrate the potential of these microbial communities as powerful tools for sustainable agriculture, offering the prospect of effective and environmentally friendly plant disease control.

In plant disease management, Pseudomonas strains are essential because of their exceptional capacity to suppress plant pathogens (David et al., 2018). Certain types within the Pseudomonas genus are recognized for their efficacy as biocontrol agents, attributed to their antagonistic characteristics and versatile metabolic capabilities (Mehmood et al., 2023). Pseudomonas strains can hinder the growth and development of various plant pathogens by producing antimicrobial compounds, including phenazines, pyrrolnitrin, and cyclic lipopeptides (Omoboye et al., 2019). Furthermore, these strains have successfully strengthened plants' built-in defenses against invasive pathogens by fostering systemic resistance (Shahid et al., 2021). Some strains of Pseudomonas are useful against Phytophthora infestans because they produce antibiotics, have siderophores, form biofilms, induce systemic resistance (ISR), and are compatible with farming methods. These bacteria are able to halt the progression of the infection because they produce antibiotics such as DAPG, phenazines, and pyrrolnitrin. Additionally, they inhibit the pathogen's growth by secreting siderophores, which trap iron. Strong biocontrol agents include Pseudomonas strains that can grow biofilms on the surfaces of roots (Santoyo et al., 2016).

Beyond simple pathogen inhibition, Pseudomonas strains effectively control disease (Haas and Keel, 2003). They are resilient parts of the plant's microbiome because of their adaptable nature, enabling them to flourish in various settings (Noman et al., 2021). Pseudomonas strains reduce the environment's ability to establish pathogens through competitive exclusion and niche occupation (Dutt et al., 2021). These strains' versatility, capacity to inhabit plant surfaces, and generation of secondary metabolites that provide resistance against phytopathogens all highlight their efficacy (Rieusset et al., 2020). Pseudomonas strains inhibit late blight pathogen P. infestans through different methods, making them useful in sustainable agriculture. These bacteria directly limit pathogen growth with antimicrobial substances including pyoluteorin and DAPG (Haas and Défago, 2005). In addition, they boost plant systemic resistance to infection (Pieterse et al., 2014). Pseudomonas competes for iron, limiting pathogen access and illness spread (Compant et al., 2005). By blocking pathogens, biofilm and root colonization protect plants (Lugtenberg and Kamilova, 2009). By improving nutrient availability, Pseudomonas boosts plant development and resilience (Bhattacharyya and Jha, 2012).

Therefore, using the biocontrol agent of Pseudomonas strains is a promising approach to the goal of environmentally friendly and sustainable plant disease management (Waghunde and Sabalpara, 2021). The research aims to enhance plant resistance to P. infestans using microbial consortia and environmentally friendly techniques. It assesses the effectiveness of Pseudomonas strains in suppressing the pathogen using dual culture Petri dish assays and leaf disk infection experiments. This multidisciplinary approach promotes sustainable plant disease management.



Materials and methods


Strain selection and identification

A selection of Pseudomonas strains was initially extracted from the rhizosphere (R) and shoot (S) regions of potato plants cultivated under field circumstances. A comprehensive identification and screening process was done to select strains with the most promising biocontrol agent. These strains were selected due to their superior inhibitory activity against P. infestans in preliminary tests. The approach commenced with the isolation of strains from rhizosphere soil and plant tissue samples, thereafter, cultured them on nutrient-specific media to facilitate Pseudomonas growth and enable preliminary morphological screening. Isolates were subsequently evaluated for antagonistic activity against P. infestans in vitro by dual-culture tests, wherein the capacity of each strain to suppress P. infestans growth was measured.

• Identification Procedure Morphological and Biochemical Assessment: Each isolate underwent Gram staining, oxidase and catalase tests, and growth on King's B agar to verify it identifies as belonging to the Pseudomonas genus. Morphological characteristics, including colony dimensions, pigmentation, and texture, were documented to aid in first classification.

• Molecular Identification: To precisely identify the species of each promising isolate, DNA was taken from bacterial cultures and subsequently subjected to 16S rRNA gene sequencing. Amplified sequences were compared to established Pseudomonas sequences in the NCBI GenBank database to verify species-level identification (Guyer et al., 2015; De Vrieze et al., 2020).

• Functional Screening for Biocontrol Agent: The nine strains identified for their robust in vitro inhibition of P. infestans were subsequently evaluated for biocontrol-related characteristics, including siderophore synthesis, protease activity, and hydrogen cyanide generation, as these factors are recognized for their antifungal efficacy.

• Final Selection: Nine strains were selected for future investigation based on their consistent and considerable inhibitory effects against P. infestans as demonstrated in these functional tests.



Culture medium preparation

LB medium was primarily used for bacterial growth, while PIA medium facilitated the selective isolation of Pseudomonas strains. To prepare LB medium, 20 g of L−1 Difco LB broth (Lennox, USA) and 15 g of L−1 agar (Agar, ERNE Surface AG, Switzerland) were dissolved in distilled water. This standard procedure is used to obtain test bacterial cultures. After 2 days, cultivation was initiated by suspending individual colonies from the plates in 0.9% NaCl solution. Therefore, these suspensions were plated on LB agar medium as part of the culture procedure. This process creates a suspension of bacterial cells.



Bacterial growth and density measurement

Bacteria were cultured overnight at 20°C and resuspended in 0.9% NaCl solution. Guyer et al. (2015) performed bacterial competition experiments with derived strains resistant to rifampicin and nystatin. The experimental medium used in these studies contained Luria Bertani (LB) and Pseudomonas isolation agar (PIA) with or without the addition of rifampicin (50 mg/ml−1) and nystatin (500,000 U L−1) which were used to prevent contamination.

Pseudomonas isolation agar medium was prepared by dissolving 45 g of Fluka (Pseudomonas isolation agar per liter) in distilled water, then adding 20 ml of Sigma-Aldrich glycerol per liter. Optical density (OD) measurement at 570 nm was utilized to evaluate and regulate bacterial density. Although there were minor discrepancies in the cell count per OD570 unit among the nine strains, these variations consistently remained within a narrow range. With an OD570 of 1, most strains have a cell count between 1.4 × 108 and 2 × 108 cells per ml. In contrast, R32, S34, and S35 showed higher cell counts ranging from 4.5 × 108 to 5.5 × 108 cells per ml with an OD570 of 1.



P. infestans inhibition tests

The P. infestans isolate Rec01 strain, which H. Krebs of Agroscope first isolated, was used in the inhibitory assays carried out in this investigation. Unclarified V8 (10%) media was used to culture the isolate to make sporangia and zoospore collection easier. In addition, experiments were carried out with the cultivation of fungi in pea medium. A crude B8 medium was prepared according to Miller's (1955) method by diluting B8 juice (100 ml L−1) and adding CaCO3 (1 g L−1) and 15 g L−1 of agar. V8 medium facilitates sporangia production, while pea agar provides a suitable growth substrate for the pathogen.

120 g of frozen peas were dissolved in an autoclave with water to create pea agar. The medium composition was then completed by adding 15 g of agar to the extracted grains. Potato slices were often sprayed with P. infestans isolates to provide movement to the host. Sporangium suspensions were prepared by scraping fungal tissue from 14-day-old plates and dispersing them in deionized water. Fungal tissue was removed from the suspension by filtering it through a cloth after thoroughly mixing it. A blank chamber was used to measure the concentration of spores, and the resultant suspension was kept in the dark until needed. To stop animal sporangia, the cold shock method was applied to sporangia. This was accomplished by transferring the spore suspension to eppendorf tubes filled with ice water and incubating it for 2 h at 4°C. to encourage the release of zoospores, the tubes were left to stand at room temperature for 20 min.



Leaf disc infection experiment

Seven weeks after emergence, greenhouse-grown potato plants were harvested from the third and fourth leaves of Bintje, Lady Claire, and Victoria varieties. The different potato cultivars were chosen due to their varying levels of resistance to P. infestans and their different genetic backgrounds. These differences can impact disease development and response to pathogens, providing insight into the effectiveness of potential treatments across diverse genetic profiles. Using a cork cutter, leaf discs with a diameter of 1.8 cm were cut and put face up on a plate containing 1% water agar. Subsequently, 10 ml of a mixture containing bacterial suspension and spores was deposited in the center of each leaf disc. The final concentration of P. infestans was 125,000 sporangia/ml, with an OD570 of 0.9 for a single strain, 0.45 for a two-strain combination, and 0.3 for a three-strain combination. Instead of a negative control bacterial culture plate, 0.9% NaCl was used. The prepared boxes were then stored in an environment conducive to the growth of P. infestans, characterized by a temperature of 18°C, high humidity, and a lack of light.



Evaluation of infection severity

After 7 days of incubation, domes formed. Infection severity was assessed by counting fruiting body maturity using ImageJ macros, as defined in a previous study by Guyer, De Vrieze, Bönisch, Gloor, Musa and Bodenhausen (2015).

Five replicates of each treatment were tested in two experiments with Lady Claire and Victoria. Each replicate contained five leaves from different plants, ensuring a complete and representative estimate. In contrast, 10 replicates were used for the cultivar Bintje, each consisting of 10 leaf discs from 10 independent plants. More devices available can increase the number of iterations. The difference in the number of replicates in Bintjes could be due to the greater number of plants available for this species compared to Lady Claire and Victoria. The evaluation included the effectiveness of 27 different treatments for each of the five plant groups. The evaluation involved comparing the infection levels of treated and untreated leaves of the same plant to measure the effect of different treatments.

The infection level of untreated control leaves was set to 100% for easy comparison. Afterward, the proportion of treated leaf discs with respect to the control group indicated the relative infection extent. The efficacy of the treatment is assessed using the following formula:
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In this calculation, 0% represents the same level of infection as the untreated control group, while a treatment success rate of 100% indicates no infection. Negative values for the treated slide indicate a higher infection rate than for the untreated slide.



Pea agar plate inoculation

Pea agar plates were inoculated simultaneously with bacterial strains and P. infestans seedlings. Subsequently, 10 ml of each bacterial suspension, prepared as described above, was consistently added, with three drops positioned at 10 mm from the dish's edge. 5 mm-diameter seedlings from a 14-day-old P. infestans culture were placed at the center of the dish. A negative control plate was also prepared by substituting the bacterial cell solution with 10 ml of 0.9% NaCl.

Three sets of plates, which were prepared in advance, were employed for the experiments. Following a 6-day incubation period in the absence of light at a temperature of 18°C, the plates were captured in photographs. Measuring the growth area of P. infestans seedlings with ImageJ is part of tissue growth assessment. The calculation of seedling relative growth involved dividing the measured cylindrical surface area on the plates treated with bacteria by the cylindrical surface area measured on negative control plates where no bacteria were present. This provides a relative measure of the effect of treatment on seedling growth. Treatment efficiency is then calculated using the formula above (100 – relative linear growth). The freshly prepared sporangia suspension was mixed with the bacterial suspension, followed by cold shock. 30 ml of the mixture was added to each well of a 24-well plate (Costar), and one well was treated. Images were then captured using a Cytation5 microplate reader (Biotek, USA) at 4 × magnification. After placing the animal tracks, take the first picture and then shake the board to spread the animal tracks evenly for later counting. Each treatment's average was calculated by summing the outcomes of the three experiments, which were conducted three times in total. This method provides a reliable and representative estimate of the test results.



Zoospore release assessment

The relative zoospore release was determined by dividing the total number of zoospores released in treated samples by the average number of zoospores released in untreated samples. This method enables us to measure the impact of interventions on zoospore release in comparison to natural settings. A negative control of 0.9% NaCl was employed to determine the baseline for the inherent level of infection or background response. This control is essential for differentiating the impact of the pathogen treatment from any intrinsic plant responses.

Zoospore quantifications were performed to precisely measure P. infestans in the inoculum. Two methodologies were employed to guarantee accuracy: (1) manual enumeration via a hemocytometer, wherein zoospores are microscopically counted inside specified grid sections, and (2) automatic enumeration via image analysis software, which identifies and counts zoospores based on their dimensions and morphology. Both methodologies were utilized to mitigate human error and optimize the process, guaranteeing a precise evaluation of infection impacts.

The treatment effect, determined as 100% minus the relative buffer release, offered a quantitative assessment of the treatments' impact on zoospore release in comparison to the control.

Furthermore, each bacterial strain was examined both individually and in conjunction to assess growth and survival dynamics. This comprehensive approach was designed to investigate the potential impact of strain interactions on bacterial growth.



Integrated bacterial development study

A better understanding of bacterial resilience in competitive situations was gained by studying ramp-resistant strains. Research on microbial adaptations on plant surfaces was enriched by observing interactions between resistant strains and wild-type strains. This observational study informed studies on competition and survival strategies. Here are the steps:

• A 0.45% NaCl solution was used to mix ramp-resistant and wild-type bacterial cultures at similar densities.

• The concoctions were left undisturbed in an incubator maintained at 18°C.

• Bacterial cells in a 0.9% NaCl solution were mixed with P. infestans sporangia in water in the same proportions as the quantities utilized in the leaf disc experiments. This particular concentration of NaCl was used to guarantee that the interactions between sporangia and bacteria were in line with those seen in trials conducted on leaf discs.

• At 1 and 5 day intervals, 1 ml of bacterial culture was mixed with 9 ml of fresh 0.9% NaCl solution to create 10-fold serial dilutions. These dilutions made it easier to count individual colonies and compare different species by reducing the bacterial density.

• Selected medium that might distinguish between species based on colony morphology, growth capacity, or rifampicin resistance were treated with 15 ml of each diluted sample.

• After incubation for 2 or 3 days, depending on the medium, CFUs/ml were tallied. By focusing on particular growth characteristics, selective media made it possible to differentiate between ramp-resistant and wild-type strains.

To gain a better understanding of the interactions and competition between different bacterial strains throughout time, counting CFUs/ml allowed for accurate quantification of each strain.



Statistical analysis

Statistical analyses were performed using R software (version X.X), following the methods described by Sasaki et al. (2005). When appropriate, one- or two-way ANOVA was used comparing means and Dunnett's Tukey's for post hoc analysis, supported by the agricolae and multicomp techniques.




Results

In this experiment, nine Pseudomonas strains were selected in the phyllosphere (S) or rhizosphere (R) of potatoes grown in the field. In vitro, these strains showed varying degrees of antifungal activity. The main objective was to find out if using these strains together would provide better protection than using them separately. To achieve this goal, an experiment was conducted to infected leaf discs with 129 treatments. Includes single-use nine strains, plus 36 dual blends, and 84 triple blends. Three different potato varieties were used, each with a different susceptibility to late blight. Based on our choices, Binji is considered very sensitive, Lady Claire is considered sensitive, and Victoria is somewhat tolerant. As presented in the graphic (Figure 1) illustrates the efficacy of bacterial treatments across three categories: single strains, dual blends, and triple blends, for three potato varieties—Bintje, Lady Claire, and Victoria.

• Single Strains: The maximum treatment efficacy was recorded in Bintje (~85%), followed by Lady Claire (~60%) and Victoria (~50%). Among individual strains, only S35 significantly diminished the rate of illness development across all kinds, highlighting its potential as an effective treatment. Conversely, R84 exhibited minimal activity, underscoring the diversity in strain performance.

• Dual Blends: A moderate enhancement in efficiency was observed in some combinations. Dual blends such as S04/S49, S19/S49, R32/S34, R76/S49, R84/S35, and R84/S49 demonstrated considerable efficacy across all potato cultivars, achieving about 70% for Bintje, 55% for Lady Claire, and 45% for Victoria. Only six out of 36 combinations provided protection for all types, showing that strain pairing must be conducted strategically.

• Triple Blends: The efficiency diminished relative to dual blends (~60% for Bintje, ~50% for Lady Claire, and ~40% for Victoria), indicating possible antagonistic interactions across strains in triple blends.


[image: Figure 1]
FIGURE 1
 The relative bacterial treatment efficiency strains of Pseudomonas against P. infestans is evaluated on potato leaf discs. The effectiveness of the average of nine distinct strains of Pseudomonas in decreasing infections caused by Phytophthora infestans on leaf discs of three different potato varieties is illustrated in this image. An untreated control is used as a comparison, and each bar reflects the relative reduction in infection that was observed. The findings suggest that, on the whole, bacterial treatment was able to dramatically lower infection rates; however, there were some instances in which the treatment was unsuccessful. Because there is a possibility of interactions between potato cultivars and bacterial strains, independent studies were carried out for each cultivar in order to precisely evaluate the effectiveness of the treatment and the effects that were particular to various strains. The figure outlines the selection process for unique strains and special combinations of Pseudomonas strains, based on their demonstrated effectiveness in reducing P. infestans infections. These strains were chosen for their superior antifungal properties, and the combinations with the highest observed efficacy were designated as “special.”


The results show that different types of bacteria, different potato varieties, and different mixing strategies have different effects on the effectiveness of bacterial treatment:

• Potato Varieties: In terms of overall response to bacterial treatments, Bintje had the highest level of sensitivity to late blight, which may explain why there were more noticeable variances across the varieties. Victoria, on the other hand, was slightly tolerant but showed the least improvement in efficiency, which is consistent with its natural resistance mechanisms.

• Effects on Specific Strains: Its broad-spectrum antifungal activity is highlighted by S35's outstanding effectiveness across all types. On the flip side, R84's inertness highlights how crucial strain selection is when developing efficient treatments.

• A Variety of Treatment Options: In several instances, dual blends were more effective than single strains, lending credence to the idea that certain combinations (such as S04/S49) can boost efficiency through synergy. Nevertheless, it appears that there may be incompatibility among the various strains due to the decreased effectiveness of triple blends.

To understand the strains' efficacy in single, double, and triple combinations, we computed the percentage of effective treatments. The criteria are based on treatments that have significantly reduced disease symptoms for all three options. As shown in Figure 2, this test was performed for each strain by the respective route of administration, alone or in combination. Strain diversity significantly affects the relative efficacy of strains under different application methods. However, some strains showed consistent changes between the three methods. For example, when R84 was combined with one or two other strains, I always had better results than when used alone.


[image: Figure 2]
FIGURE 2
 Pseudomonas strains' relative bacterial treatment efficiency on potato leaf discs that were infected with Phytophthora infestans, this figure depicts the relative effectiveness of Pseudomonas strains that were treated in single, double, and triple combinations in suppressing the growth of sporophores. The effectiveness of treatments was determined by whether or not they significantly reduced the development of sporophores in comparison to the controls. For each bacterial treatment, the figure comprises two critical measures, which are as follows: (1) the percentage of successful treatments that achieved a significant reduction in the development of sporophores, and (2) the percentage of treatments in which each particular bacterium contributed to the effectiveness that was seen.


For S49, Bintje and Dame Claire showed consistent trends, showing better results when the strains were used together than when they were used individually. Specifically, when it came to therapy success rates, Bintje strains were often more effective in triple combinations than in double combinations. As shown in Figure 2, Lady Claire and Victoria show opposite trends. The relationship between the lower percentage of successful treatments and changes in inoculum density in the Lady Claire and Victoria triple combinations remains unclear. This uncertainty is due to differences in bacterial cell density observed between single, double, and triple treatments: OD of 0.9 for single treatment, 0.45 for double treatment, and 0.3 for triple treatment. To investigate the protective effect of this unique strain at three different seeding densities, experiments were conducted to answer this question.

A single injection of the studied strains (R32, R47, and S49) resulted in total suppression of P. infestans hyphal development. Conversely, strains S19 and S35 had a less severe but notable growth suppression. Contrary to predictions, combining two “weaker” strains unexpectedly did not result in a greater suppression of filamentous development. Furthermore, as shown in Figure 3, the “strongest” strain retained its inhibitory power even when combined with other effective strains. An interesting observation was made when S19 or S35 was mixed with R32, which resulted in the same complete inhibition of fungal growth as when R32 was administered alone.


[image: Figure 3]
FIGURE 3
 Relative bacterial treatment efficiency of Pseudomonas strains' hyphal growth suppression in single, double, and triple combinations with P. infestans. Five Pseudomona strains were treated singly, in pairs, and in triplet combinations in a duplicate culture experiment, as shown in this image, which shows the relative inhibition of Phytophthora infestans hyphal development. A 100-fold decrease in the relative growth area of P. infestans in comparison to the control was considered treatment effectiveness. The small letters above the bars in the figure indicate statistically significant differences between treatments, as determined by the Kruskal-Wallis test. Treatments with the same letter are not significantly different from each other, while treatments with different letters show significant differences in their effects on the hyphal growth of Phytophthora infestans.


R47 and S49 work differently when connected to S19 or S35. Its effect is weak, particularly in the pairings R47/S35 and S49/S19 and somewhat in the S35/S49 pair. For ternary combinations, the addition of R32 is beneficial because it confers strong activity on many base pairs, covering the S19/S35 combination, which was inactive at first, as well as the R47/S35 and S19/S49 combinations, which were a little bit inactive (Figure 3). However, the putatively “inactive” S19/S35 linker did not become more effective in inhibiting inhibition when active R47 was added.

Derived from the findings of this experiment, one can infer that (i) R32 will be the most effective food additive in double and triple formulations; (ii) S49 improves efficiency only in the S19/S35 scenario but not in other positive-effect double combinations; (iii) R47 typically has very little beneficial effect in the triple combination and can only slightly increase the effectiveness of S19/S35 (Figure 3).

In the flap disc test and this experiment, all voltages were applied at an optical density of 0.9. At the same time, the double combination had a lower optical density of 0.45, and the triple combination had an optical density of 0.3. A study was conducted to determine if a change in the number of cells at the beginning of the experiment affected the degree of growth inhibition. Surprisingly, none of the studied strains showed such an inhibitory effect on seedling growth.

Preliminary experiments indicate that the overall cell density of a strain plays an important role in its efficacy against P. infestans zoospores, whether used alone or in combination. As a result, two distinct optical densities were used for the analysis: a greater optical density (OD = 0.9) and a lower optical density (OD = 0.3). All treatments showed significant inhibition of zoospores when bacteria were added at OD 0.9 (see Figure 4). In particular, the dual combination S19/S49 showed less reduced zoospores release than each strain administered alone. However, the reduction was significant compared to the reference. A more dilute application (OD = 0.3) showed decreased activity, particularly in the case of S19 combined with S35, R32, or R47, resulting in a complete loss of activity. The notable activity shown when the strains were treated alone was not restored when the various strains were added to S19/R32, S19/S35, or S19/R47 (Figure 4).
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FIGURE 4
 Relative efficiency of cell density in Pseudomonas strain on the release of P. infestans zoospores. The impact of five different Pseudomonas strains' cell densities on the release of Phytophthora infestans zoospores is depicted in this figure. A 100-fold decrease in zoospore yield in comparison to untreated controls was considered treatment success. Each cell density was investigated for its effect on lowering zoospore formation, and their effects on zoospore suppression were examined. The small letters above the bars in the figure indicate statistically significant differences between treatments, as determined by the Kruskal-Wallis test. Treatments with the same letter are not significantly different from each other, while treatments with different letters show significant differences in their effects on the hyphal growth of Phytophthora infestans.


The figure shows how different Pseudomonas strain combinations suppress P. infestans zoospore discharge at varying cell densities. Low bacterial cell densities had little or no efficacy, while high densities reduced zoospore generation, with most strain combinations being 100% efficient. Disparities decreased with greater cell density, suggesting strain heterogeneity was corrected. Negative y-axis values indicate that treated samples produced more zoospores than controls, suggesting incomplete cell density or strain selection can increase pathogen activity.

Experiments with lower cell densities showed synergism, contrasting previously reported contrasts between S19 and other strains. While one strain allowed ~20% of the spores to release zoospores, the combination of S49 and R32 almost completely inhibited the release of zoospores. Similarly, S49 and S35 inhibited the release of zoospores more consistently (less variable) than each strain did alone. Not only did this pair (S35/S49) show a large reduction in population, but so did all other pairs. On the other hand, compared with R47 (4/10) and particularly S19 (2/10), exhibited reduced activity. After considering the 10 potential double and triple combinations, the selection was reached by evaluating the overall number of successful combinations for each strain. S49 showed the highest activity (7/10), followed by S35 and R32 (6/10). This indicates that R32, S35, and S49 favorably impacted the other strains in their mixture while being tested in the zoo. In contrast, R47 and especially S19 hurt the same strain (see Figure 4).

Some of the above data suggest that direct stimulatory or inhibitory effects may exist between strains. Five selected strains were grown in a mixture of duplicates and triplicates in saline solutions for 5 days to see if cultivation under conditions identical to those used in the leaf disk assay resulted in survival or preferential growth of specific strains. At the end of the experiment and every 2 days, the relative abundance of each strain was measured. It should be noted that the initial total cell density (as determined by optical density) for each treatment in this experiment was the same. Thus, each strain starts with half the inoculum compared to a single vaccination. Still, it contains a third of the inoculum in double and triple combinations instead of treating individual infections. Despite this initial difference, the total number of colony-forming units (CFU) at the end of the experiment (all strain combinations considered) was significantly higher for the double and triple combinations than for the single inoculations (see Figure 5). This suggests that even without a nutrient source in the saline culture medium, (i) The strain can offset the reduced primary cell density throughout the 5-day growth period, and (ii) the strain generally does not make sacrifices. Growth comes from the other.
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FIGURE 5
 To evaluate the survival and persistence of various Pseudomonas strains, their numbers were measured in a 0.9% NaCl solution. At each stage of the incubation process, which lasted between 1 and 5 days, the strains' abundance was measured. Each strain's maintained viability—or capacity to endure in saline circumstances over time—was verified by a 5-day measurement. This assessment sheds light on the stability and possible efficacy of each strain when used in comparable environmental settings.


After 5 days, four infected strains individually reached densities of ~1 million colony-forming units per milliliter (CFU/ml). Even in a nutrient-poor environment, their numbers decreased slightly every other day and showed a moderate increase from the first to the fifth day. After the first day, the amount of S19 was less than that of other species. Over the next 4 days, stem development was limited or even reduced in abundance, depending on the composition (see Figure 5 and Table 1).


TABLE 1 Characteristics of five selected Pseudomonas strains.
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A captivating observation about S35 was made. When grown alongside two rhizosphere strains, R32 and R47, it seems to be completely suppressed or even eradicated, in contrast to its usual decline in abundance when coexisting with other strains. Remarkably, S35 does not appear to have any beneficial effects on these latter species. This is evident because their quantity does not increase when S35 is present compared to when it is not, as illustrated in Figure 5. The inhibitory effect of S35 is reversed with the addition of each extra strain when in the presence of R32 or R47. Consequently, S35 exhibits regular maturation in all studied triple combinations, including R32 and R47.

Table 2 shows the counting of CFU/ml for ramp-resistant and wild-type strains at 1 and 5 days post-incubation. Selective media were used to distinguish strains by growth and resistance.


TABLE 2 Comparison of CFU/ml for ramp-resistant and wild-type strains at 1 and 5 days.
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Patterns of Growth: By Day 5, the ramp-resistant strains had significantly increased their CFU/ml, showing that they could tolerate and even thrive in the highly competitive environment. On the other hand, ramp-resistant mutants showed rapid expansion while wild-type bacteria grew only moderately. On Day 1, both the ramp-resistant and wild-type strains grew similarly. However, by Day 5, the wild-type strains' growth had stalled, demonstrating the long-term endurance and competitive advantage of the ramp-resistant strains.

For the mechanisms of adaptation, the disparities in growth rates could be explained by different ways ramp-resistant strains have evolved to thrive in environments that are both competitive and potentially stressful. These adaptations could include things like improved nutrient uptake efficiency or resistance to antimicrobial chemicals.

The significance of comprehending microbial adaptations in agricultural and ecological settings is highlighted by our findings, which offer light on the competitive interactions between ramp-resistant and wild-type bacterial strains.



Discussion


Introduction: addressing P. infestans through enhanced plant defense

This research focused on developing strategies to bolster plant defenses against P. infestans, a pathogen with devastating impacts on agriculture, both historically and in current farming practices. Due to the significant threat posed by this oomycete, effective management strategies are essential to protect crop health (Ivanov et al., 2021; Carpenter, 2015). The study explored the biocontrol agent of Pseudomonas strains and examined how their interactions within microbial consortia contribute to disease suppression.



Aligning with sustainable agriculture goals

This investigation aligns with broader objectives in sustainable agriculture, aiming to foster environmentally friendly approaches to disease management (Morriën, 2016; Ney et al., 2018; Pandey et al., 2012). Pseudomonas strains, known for their adaptability and ability to inhibit a range of plant pathogens, were chosen for their suitability in integrated biocontrol strategies (David et al., 2018). By analyzing interactions between Pseudomonas strains and P. infestans, the study addresses a critical gap in research and enhances our understanding of plant-microbe interactions.



Microbial consortia: a shift toward environmentally responsible farming

The application of bacterial consortia to control phytopathogens reflects a shift toward sustainable agriculture. Research shows that microbial communities can work synergistically to benefit crops, thus supporting the use of consortia in disease management (Villa-Rodríguez et al., 2019). This aligns with the global movement toward reducing chemical inputs in agriculture, where microbial consortia are seen as essential tools for enhancing crop resilience and controlling pathogens in an eco-friendly manner (Bashan et al., 2020).



Antifungal activities of Pseudomonas strains

The study's experiments, including leaf disc infection tests and dual-culture Petri dish assays, revealed varying antifungal activities among the nine Pseudomonas strains tested. Certain strains, such as S35 and S49, demonstrated strong, consistent protection against P. infestans. Additionally, the use of triple strain combinations yielded promising results, with some combinations showing enhanced resistance in various potato varieties. Notably, strain S35 underscored the complexity of microbial interactions, as it exhibited synergistic effects when combined with other strains.



Host-specific responses and tailored biocontrol strategies

The study found that the protective efficacy of Pseudomonas strains varied among different potato varieties, highlighting the importance of host-specific strategies in biocontrol. These findings emphasize the need for tailoring biocontrol approaches to the specific plant host, ensuring optimized results for disease suppression.



Inoculum density and microbial dynamics

A crucial factor in the efficacy of biocontrol was the density of the bacterial inoculum. The study observed that different starting cell densities affected strain efficacy, underscoring the importance of understanding microbial population dynamics for successful real-world applications. The influence of Pseudomonas strains on zoospore release from P. infestans also provided valuable insights into how microbial interactions might impact pathogen reproduction.



Significance of integrated strategies and future directions

This research highlights the complexity of microbial consortia in disease control and the need for integrated strategies that leverage specific strain contributions (Ju et al., 2019). By identifying the unique roles of Pseudomonas strains in microbial consortia, the study supports the potential of these strains in advancing sustainable agriculture. This knowledge is crucial for developing robust, eco-friendly disease management practices that ensure long-term agricultural productivity and ecosystem health.



Comparison of CFU/ml for ramp-resistant and wild-type strains

The observed growth patterns indicate that ramp-resistant bacterial strains demonstrate a significant competitive advantage over wild-type strains in similar environments, as evidenced by their marked increase in CFU/ml by Day 5. While both strains exhibited comparable initial growth, the wild-type strains' growth stagnated, revealing their inability to sustain competitive performance over time. This discrepancy underscores the resilience of ramp-resistant strains, likely attributable to their adaptive mechanisms, such as enhanced nutrient uptake efficiency and resistance to antimicrobial compounds. These findings highlight the critical role of understanding microbial adaptations in agricultural and ecological contexts, as they provide valuable insights into the dynamics of microbial communities and their potential applications in biocontrol strategies.



Implications of the study

This study's implications go beyond the lab, providing useful information for creating environmentally friendly and long-lasting plant disease management techniques. The potential for developing efficient biocontrol agents against P. infestans, a pathogen recognized for its past and present effects on potato cultivation worldwide, is provided by the synergistic effects of Pseudomonas strains in integrated microbial consortia, as noted by Ortíz (2023). Farmers and other agricultural practitioners may be able to lessen their dependency on chemical pesticides and lessen the environmental damage caused by their widespread use by utilizing the biocontrol agent of particular Pseudomonas strains (Ankit et al., 2020; Gosal and Kaur, 2017; Panwar et al., 2014). A possible shift toward more targeted and sustainable approaches is suggested by the demonstrated effectiveness of certain strains and their combinations in suppressing late blight disease. This aligns with the global imperative for ecologically responsible food production (Gupta et al., 2013; Villa-Rodríguez et al., 2019). The use of microbial consortia, particularly in triple combinations, demonstrated enhanced efficacy over single-strain treatments, suggesting the importance of synergistic effects in “biocontrol.”



Limitations of the study

It is crucial to recognize the study's limitations in order to comprehend its context and breadth. The effectiveness of Pseudomonas strains against a wider variety of pathogens has not been investigated, but studies have mostly concentrated on their biocontrol agent against P. infestans. To expand their use for new crops, future research should examine the interactions between Pseudomonas strains and various plant diseases.

The dependence on controlled surroundings and in vitro experiments is a major drawback because they do not completely mimic field circumstances. Soil moisture, temperature, and pH can vary greatly, for example, and this can have a major impact on microbial activity and interactions; however, these variables are not present in in vitro circumstances. Laboratory settings do not take soil and climate heterogeneity into consideration, which affects the survival of microbes and the effectiveness of biocontrol. It is essential to expose microbial consortiums to these natural variations in field trials in order to evaluate the robustness and adaptability of Pseudomonas strains.

Furthermore, there are operational and logistical hurdles associated with the scalability of microbial consortiums for large-scale farming. It may be challenging to reliably distribute appropriate microbial concentrations across large areas in field applications, particularly when dealing with unpredictable weather and different soil types. Additionally, considerations including the expenses associated with manufacturing, storing, and transporting microbial inoculants on a commercial scale need to be taken into account. These biocontrol tactics might be improved and validated through long-term field research that include various agricultural systems, soil types, climate zones, and crop rotations. This would guarantee that they are feasible for extensive application in agriculture (Gosal and Kaur, 2017).



Future research recommendations

This study explores the use of microbial communities for plant disease resilience, highlighting the potential of reducing reliance on chemical pesticides and promoting natural plant defenses. It suggests that beneficial strains like Pseudomonas can enhance crop resilience across various types. The research suggests practical implementation through bio-inoculants, soil amendments, or seed treatments, contributing to long-term agricultural sustainability.

Studying the identified microbial consortia's scalability and practical applicability is important for future research. It's important to consider the economic viability and the ease of combining these biocontrol techniques with current agricultural practices. For biocontrol agents to be widely used in different farming systems, this evaluation is crucial. Also, we need studies that follow Pseudomonas strains over time to see how they affect soil health, microbial diversity, and sustainable crop yields, as well as how these factors interact with repeated applications.

It is also crucial to investigate the molecular mechanisms behind the different strain efficacy and synergistic effects in greater depth. Investigating the hereditary components of these relationships may provide light on where to focus efforts to improve biocontrol efficiency. One way to improve Pseudomonas strains' biocontrol capabilities is to genetically engineer them with desirable properties, such as increased resistance to environmental stresses, better colonization capacity, or antifungal enzyme production.

Cooperation between agricultural scientists and microbiologists is essential to help get research from the lab to the field. Collaborations in different fields could make it easier to adapt microbial consortia to real-world situations and speed up the process of developing scaled application approaches. More effective microbial inoculants might be created with the help of this collaborative approach, which could also lead to targeted genetic improvements that are in line with sustainable farming techniques.




Conclusion

In conclusion, our study successfully demonstrated the potential of Pseudomonas strains in enhancing plant resistance to P. infestans. Notably, strains S35 and S49 exhibited significant antifungal activity, consistently providing protection against the pathogen. The promising results from the triple combinations further underscore the potential of these biocontrol agents. This research advocates for a reduced reliance on chemical pesticides, aligning with the principles of sustainable agriculture and offering practical implications for farmers.

However, several limitations must be addressed, including the necessity for extensive field testing and a thorough financial viability analysis to ensure practical implementation. Future research should focus on genetic engineering to enhance biocontrol traits, as well as exploring scalability and real-world applications of these findings. By promoting the use of Pseudomonas strains as part of integrated pest management programs, this research paves the way for more sustainable agricultural practices, potentially reducing dependency on chemical pesticides and minimizing their environmental impact.
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