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Pseudomonas spp. produce various antimicrobial substances, including cyclic peptides, which have been shown to suppress fungal pathogens. In a previous study, Pseudomonas sesami BC42 was selected to control anthracnose caused by Colletotrichum orbiculare in cucumber plants, and the bioactive extract of strain BC42 inhibited fungal growth and development. In this work, preparative thin-layer chromatography was conducted to identify the antifungal compounds in the extract of strain BC42, and the portion of the extract that exhibited antifungal activity was further analyzed by gas chromatography–mass spectrometry. Three different isomers of the cyclic dipeptide, cyclo(Leu-Pro), were identified: cyclo(l-Leu-l-Pro), cyclo(d-Leu-d-Pro), and cyclo(d-Leu-l-Pro). Among these, 100 μg/mL of cyclo(l-Leu-l-Pro) significantly and more effectively inhibited the germination of conidia and appressorium formation and reduced leaf lesion size caused by C. orbiculare, relative to the control; cyclo(d-Leu-d-Pro) significantly reduced conidia germination and lesion occurrence, however, cyclo(d-Leu-l-Pro) did not exhibit antifungal activity. Therefore, the cyclo(l-Leu-l-Pro) and cyclo(d-Leu-d-Pro) derived from P. sesami BC42 may be a promising candidate for biocontrol applications in agriculture.
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1. Introduction

Plant diseases affect the agricultural industry and result in significant economic losses and reduced product quality. Disease control relies primarily on synthetic chemical pesticides. To reduce the use of chemical pesticides, various biological control options using antagonistic microorganisms or microbial pesticides have been developed as effective alternatives, owing to their reduced toxicity and higher biodegradability in natural environments. Biological control continues to grow in popularity and is becoming a preferred alternative, with the aim of reducing the use of chemicals in sustainable agriculture. Plant growth-promoting rhizobacteria are important bacterial communities in the rhizosphere that respond to soil-borne pathogens and serve as biocontrol agents (Backer et al., 2018).

Pseudomonas is one of the most abundant genera of soil-inhabiting bacteria on the surfaces of seeds and roots, enhancing plant growth and suppressing plant diseases (Mercado-Blanco and Bakker, 2007; Dimkić et al., 2022). Pseudomonas exhibits several traits associated with biocontrol and produces various antimicrobial substances, including hydrogen cyanide, phenazine-1-carboxylic acid, 2,4-diacetylphloroglucinol, pyrrolnitrin, pyoluteorin, and cyclic lipopeptides, which have been shown to suppress fungal pathogens. Additionally, the siderophores produced by Pseudomonas can make iron unavailable for the growth of fungal pathogens via chelation, while the biosurfactants and hydrolytic enzymes of Pseudomonas can support biocontrol. Together, these traits make Pseudomonas an important and promising candidate for applications in agriculture and medicine (Shtark et al., 2003; Weller, 2007; Patil et al., 2017; Keswani et al., 2019; Raio and Puopolo, 2021).

Cyclic dipeptides (CDPs), formed by the inner cyclization of two amino acid amides, are usually synthesized by prokaryotic and eukaryotic cells using cyclodipeptide synthases or non-ribosomal peptide synthases (Rhee, 2002). Several cyclic peptides with different structures have been characterized to act against pathogenic fungi and bacteria (Lee and Kim, 2015). Park et al. (2012) reported that cyclo(l-Pro-l-Val) from P. aurantiaca IB5-10 exhibits antifungal activity against Rhizoctonia solani. Cyclo(l-Pro-d-Ile) and cyclo(l-Pro-l-Phe) from Escherichia coli interfere with the expression levels of certain pathogenicity contributors of Ralstonia solanacearum (Song et al., 2018). The mode of action of cyclic dipeptides in controlling plant diseases is not fully understood; however, several mechanisms are involved, including disruption of fungal cell membranes, inhibition of the activity of enzymes involved in fungal cell wall synthesis, and induction of plant defense responses against fungal pathogens (Houston et al., 2002; Song et al., 2017; Balachandra et al., 2021).

Anthracnose, caused by the fungus Colletotrichum orbiculare, is a common disease that affects a wide range of plants, including cucumbers, and may significantly damage cucumber crops (Agrios, 2005). The symptoms of anthracnose in cucumbers typically include small water-soaked lesions on the leaves, stems, and fruit of the plant. As the disease progresses, the lesions may enlarge and become sunken, with a brown or black color. The fruits may also develop dark spots and become distorted or misshapen. In severe cases, the leaves may turn yellow and drop from the plant, and the fruit may rot and become unusable. This disease can spread through water, wind, and contaminated tools or equipment, making effective disease-control measures a challenge (Damm et al., 2013; Kubo and Takano, 2013).

Infection with C. orbiculare begins with the germination of fungal conidia on the plant surface. Once on the surface, the conidia germinate and produce germ tubes, which then penetrate the plant tissue using enzymes to degrade the cell wall and produce the appressorium. After entering the plant, the fungus grows and reproduces, damaging the plant tissue and leading to the development of anthracnose disease symptoms (Osherov and May, 2001; Kubo and Takano, 2013). Therefore, to prevent C. orbiculare infection, it is important to disrupt the fungal life cycle by limiting fungal growth and development, including spore production, mycelial growth, and appressorium formation. In a previous study, we selected Pseudomonas sp. BC42 as a biocontrol agent against C. orbiculare, as it exhibited antifungal activity against certain bioactive compounds extracted using ethyl acetate (Kim et al., 2022). The strain BC42 was identified as Pseudomonas sesami based on 16S rRNA sequencing analysis (Kim et al., 2022).

In the present work, we aimed to: (1) identify the antifungal compounds derived from strain BC42 and (2) evaluate contribution of the identified compounds to the antifungal activity against C. orbiculare, as well as disease suppression in cucumber plants. Our investigations returned three forms of cyclo(Leu-Pro) from the BC42-extract, which demonstrated differential biocontrol activities in in vitro and detached leaf assays.



2. Materials and methods


2.1. Isolation of bioactive metabolites by thin-layer chromatography

The BC42 strain was cultured on tryptic soy broth medium (TSB, Difco, USA) for 72 h in a shaker incubator at 160 rpm at 28°C. The filtrate of BC42 culture broth was obtained after centrifugation at 6,000 rpm for 20 min and filtered through a PES filter (0.45 μm, GVS, Italy). The filtered culture broth was mixed with an equal volume of ethyl acetate (HPLC-grade, 1:  1 (v/v), Merck, Germany), followed by extraction using a separating funnel (Kim et al., 2022). The separated fractions were dried over Na2SO4 and evaporated using a rotary vacuum evaporator (Eyela Co. Ltd., Japan). The dried extract was dissolved in methanol (HPLC grade; Merck, Germany), and a stock concentration (10 mg/mL) was prepared. Thin-layer chromatography (TLC) was performed to analyze the development patterns of antifungal metabolites. Five microliters of ethyl acetate extracts were spotted onto TLC plates (HPTLC Silica gel 60 F254, Merck, Germany). The TLC plate was developed in a glass chamber containing chloroform and methanol (97:3 v/v) as the mobile phases. The plate was dried and visualized under short (254 nm) and long (366 nm) light wavelengths. The bioautography method was used to determine antifungal activity against C. orbiculare (Wedge and Nagle, 2000; Dewanjee et al., 2015). The solvent used to develop the TLC plate was removed, and the plate was sterilized with UV light on a clean bench. Potato dextrose agar (PDA, Difco, USA) (0.8% agar) was amended with a spore suspension of C. orbiculare (final concentration, 5 × 106 conidia/mL per medium), and a developed TLC plate was placed on the medium. The clear zone of inhibition was observed after 7 days of incubation at 28°C and compared with the band position of the TLC plate. The crude extracts obtained by preparative TLC (prep-TLC) were dissolved in methanol (100 μg/mL) and used for determining their minimum inhibitory concentration (MIC) against C. orbiculare, according to the microdilution assay. Prep-TLC was performed to purify and identify the antifungal compounds for further gas chromatography–mass spectrometry (GC–MS) analysis. Prep-TLC was carried out on PLC Silica gel 60 F254 (0.5 mm, Merck, Germany) using a mobile phase of chloroform: methanol (97:3). The metabolites extracted by prep-TLC were eluted using HPLC-grade acetone (Merck, Germany). The extract was evaporated using a rotary vacuum evaporator and stored at −20°C until use.



2.2. Identification of bioactive metabolites by GC–MS analysis

The GC–MS analysis of prep-TLC extracts was performed using a GC–MS QP2010 system (Shimadzu, Japan) equipped with a DB-5MS (30 m × 0.25 mm, film thickness 0.25 μm) capillary column (Agilent Technologies, USA). Helium was used as the carrier gas at a flow rate of 1.2 mL/min. The oven temperature was 170°C for 2 min, raised to 280°C at a rate of 30°C/min, and then held for 33 s. Finally, the temperature increased by 2°C/min to 300°C and was maintained for 14 min. Samples (1,000 μg/mL) of 1 μL were injected in split mode (ratio 5:1). Ion source and interface temperatures were set at 200°C and 250°C, respectively. Identification of metabolites was performed by the NIST/EPA/NIH Mass Spec Library (version 2.0), comparing the mass spectra of various substances.



2.3. Assessment of conidia germination and appressorium formation of Colletotrichum orbiculare

The conidia of C. orbiculare were harvested after 7 days of incubation on PDA and filtered through six layers of sterile cheesecloth to remove hyphal residues. For the germination and appressorium formation assay, three forms of cyclo(Leu-Pro), including cyclo(l-Leu-l-Pro), cyclo(d-Leu-d-Pro), and cyclo(d-Leu-l-Pro), were purchased from the Peptron (Daejeon, South Korea); an ethyl acetate extract of BC42 (final concentration of 100 μg/mL) and the cyclo(Leu-Pro) (1, 10, and 100 μg/mL, diluted using sterile distilled water (SDW)) were mixed (1:1) with a conidial suspension (2 × 105 spores/mL), and 50 μL of the mixture was placed on a glass slide and incubated at 25°C for 24 h while maintaining 100% relative humidity. SDW was used as the negative control. A total of 50–100 conidia were examined for germination assessment, and up to 50 germinated conidia were examined for each assessment of appressorium formation. The following formula was used: number of germinated conidia/total conidia and number of appressorium/germinated conidia × 100 (Ghajar et al., 2006; Liu et al., 2008). Tests were performed using data from three independent experiments with six replicates (n = 18).



2.4. Detached leaf assay of Colletotrichum orbiculare

Cucumber seeds (Jo-eun Baekdadagi, Heongnong, South Korea) were sown in a 10 cm plastic pot filled with a commercial potting mixture (Baroker, South Korea) and grown in a greenhouse (25°C ± 5°C, day temperature; 20°C ± 5°C, night temperature). The first leaves of cucumber seedlings at the 1–2 leaf stage were used for the detached leaf assays. The conidia of C. orbiculare were harvested seven days after incubation on PDA. Ethyl acetate extract and cyclic peptide were prepared at concentrations of 100 μg/mL and 1–100 μg/mL, respectively. Distilled water was used as the control. The tested metabolites were mixed (1:1) with a conidial suspension (1 × 106 spores/mL) and dropped onto the abaxial surface of the first leaf. Detached leaves were placed on a moistened square dish (20 × 20 cm, SPL Life Science, South Korea) and incubated in a growth chamber at 28°C (16 h light/day). The area of lesions caused by C. orbiculare on the first leaf at 7 days post-inoculation (dpi) was calculated using the following formula: S = π × a × b (where a and b are the major and minor radii, respectively). The experiments were independently conducted three times with five plants each (n = 15).



2.5. Statistical analysis

Statistical analyses were performed using R studio (version 1.4.1106) software (R studio, United States) (Team, R, 2015) on R platform (Team, RDC, 2009). Bartlett’s test was performed to assess the equality of variances for a variable calculated between groups. Differences among means were analyzed using analysis of variance (ANOVA) in the “agricolae” package (de Mendiburu, 2019). For germination, appressorium, and lesion area data, two-way (two factors: treatment and concentration) ANOVA was performed. Pearson’s correlation (r) was used to demonstrate the relationship between lesion size and the germination or appressorium formation treated by three types of CDPs using the “psych” package. Significant differences between treatments were evaluated using Tukey’s HSD test at p < 0.05.




3. Results


3.1. Identification of active compounds from the BC42-extract using GC–MS

The active antifungal substances in the ethyl acetate extract of BC42 were explored by bioautography after TLC (Figure 1A). It was speculated that the active compounds were located at Rf 0.53 when developed using a mobile solvent of C:M = 97:3 (Figure 1B). Lines 1–3 around Rf 0.53 were scraped off and dissolved in acetone. The growth inhibition effect was observed at line 1 and line 2, with concentration ranges of 100–25 μg/mL and 100–6.25 μg/mL, respectively (Figure 1C). A GC–MS analysis was performed to predict the possible antifungal compounds in P. sesami BC42, which identified cyclo(Leu-Pro), with a retention time of 5.18 min (Figure 2).

[image: Figure 1]

FIGURE 1
 TLC profile of the crude extract from P. sesami BC42. (A) Bioautography, (B) viewed under UV light, and (C) minimum inhibitory concentration of crude extract. Symbols used: C; control, E; ethyl acetate extract of BC42, 1; line 1, 2; line 2, 3; line 3.
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FIGURE 2
 Gas chromatography–mass spectrometry (GC–MS) analysis of the number 2 fraction.




3.2. Differential antifungal activity of isomeric cyclo(leu-Pro) against conidia germination and appressorium formation of Colletotrichum orbiculare

We analyzed the three isomeric form of cyclo(Leu-Pro) that affected germination and appressorium formation. As a result of variance analysis, there are significantly difference in germination rate and appressorium formation between treatments, including control, extract of BC42 and isomers (Supplementary Table 1), additionally, concentrations of DD and LL-form of isomer exhibited significance in germination rate, appressorium formation, and lesion area (Supplementary Table 1). Whereas, there was not statistical difference in germination and appressorium formation by concentrations of DL-form (Supplementary Table 1).

The treatments of all tested concentrations of cyclo(d-Leu-d-Pro) (DD-form) and cyclo(l-Leu-l-Pro) (LL-form), and 100 μg/mL of the cyclo(d-Leu-l-Pro) (DL-form) had significantly inhibitory activity against conidial germination of C. orbiculare compared to control (Figure 3A). Especially, the 100 μg/mL of DD-form and LL-form exhibited an inhibition rate similar to that of the BC42-extract, at 19.9 and 19.7%, respectively (Figure 3A). In case of DL-form, only 100 μg/mL inhibited germination rate (Figure 3A). Despite germination inhibitory activity of the isomers, only LL-form at concentrations of 1 and 100 μg/mL had an adverse impact on appressorium formation compared to control; the inhibitory activity of LL-form at these concentrations was similar to that of BC42-extract (Figure 3B), while DD and DL-forms did not affect appressorium formation (Figure 3B).

[image: Figure 3]

FIGURE 3
 Assessment of the germination rate (A) and appressorium formation (B) depending on concentration and isomer of cyclo(Leu-Pro). Control: distilled water; BC42-E: 100 μg/mL of ethyl acetate extract from P. sesami BC42; DD-form: cyclo(d-Leu-d-Pro); DL-form: cyclo(d-Leu-l-Pro); LL-form: cyclo(l-Leu-l-Pro). Letters on the vertical bar indicate statistical difference assessed by Tukey’s HSD test (*p < 0.05); error bars represent standard error.




3.3. Detached leaf assay of Colletotrichum orbiculare

Detached cucumber leaves treated with C. orbiculare conidia in water, BC42 extract, or three isomers of cyclo(Leu-Pro) exhibited typical lesions. As a result of variance analysis, the lesion area in the detached leaf assay was significantly (p < 0.001) affected by the concentrations of each isomer (Supplementary Table 1). The lesion area (mm2) of C. orbiculare on leaves mixed with sterile distilled water was approximately 76.6 mm2 at 7 dpi, whereas the BC42-extract exhibited reduction in lesions with an area of 33 mm2. All tested concentrations of DD-from had significantly smaller lesion sizes than those of the controls; the lesion areas in detached leaf of cucumber plants treated with 1, 10, and 100 μg/mL DD-form were 56.5 mm2, 53.2 mm2 and 47.4 mm2, respectively (Figure 4). Significantly smaller lesion areas in relation to the control were observed for the DL-form at working concentrations of 10 and 100 μg/mL by 49.9 mm2 and 58.7 mm2, respectively, while only the LL-form at concentration of 100 μg/mL led to a notable reduction in lesion area by 43.1 mm2 compared to the control (Figure 4).

[image: Figure 4]

FIGURE 4
 The lesion area following inoculation of C. orbiculare, depending on different concentrations of cyclo(Leu-Pro). Control: distilled water; BC42-E: 100 μg/mL of ethyl acetate extract from Pseudomonas sp. strain BC42; DD-form: cyclo(d-Leu-d-Pro); DL-form: cyclo(d-Leu-l-Pro); LL-form: cyclo(l-Leu-l-Pro). Letters on the vertical bar indicate statistical difference assessed by Tukey’s HSD test (*p < 0.05); error bars represent standard error.




3.4. Effects of the isomers on antifungal activity and disease suppression differentially expressed results

The heatmap of Figure 5 showed differential activity with various colors from a dark red (higher value) to bright yellow (lower value). The BC42-extract showed a bright yellow color in germination, appressorium and lesion area, and only LL-form at concentration of 100 μg/mL showed similar pattern to BC42-extract (Figure 5). In case of DD-form, only concentration of 100 μg/mL had a bright yellow color in lesion area (Figure 5). As a correlation analysis, the lesion area and two factors, including germination and appressorium formation, to be positively interacted (Figure 6). A strong correlation between the lesion area and germination/appressorium formation of C. orbiculare in the treatment of BC42-extract was observed, as r-values ranged from 0.51 to 0.81 (p < 0.001) for germination and from 0.24 to 0.67 (p < 0.001) for appressorium formation (Figure 6A). The relationship between lesion area and other CDP forms was examined using Pearson’s correlation, which showed correlations between lesion area and different concentrations of three types of CDPs: DD-form, germination, appressorium (r = 0.46 and 0.27 at p < 0.001, respectively) (Figure 6B); DL-form, germination, appressorium (r = 0.27 at p < 0.001 and 0.20 at p < 0.05) (Figure 6C); LL-form, germination, appressorium (r = 0.30 at p < 0.001 and 0.27 at p < 0.05, respectively) (Figure 6D).
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FIGURE 5
 Heatmap of the differentially expressed results in germination, appressorium formation, and lesion area compared with each treatment. Dark red (the higher value) ~ light yellow (the lower value). A heatmap was constructed using the average of each treatment.
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FIGURE 6
 Correlation matrix showing the size of lesion area (Detached) and ability of germination (Ger) and appressorium formation (Ap). In the correlation matrix, the values are correlation coefficients (r), *** p < 0.001, ** p < 0.01, * p < 0.05. (A), BC42-E: 100 μg/mL of ethyl acetate extract from Pseudomonas sp. strain BC42; (B), DD-form: cyclo(d-Leu-d-Pro); (C), DL-form: cyclo(d-Leu-l-Pro); (D), LL-form: cyclo(l-Leu-l-Pro).





4. Discussion

Antifungal metabolites derived from various bacterial strains have been extensively investigated owing to the pressing need for more ecofriendly and sustainable agriculture strategies. A previous study demonstrated that a filtrate of P. sesami BC42 exhibits antifungal activity against C. orbiculare. When PDA was amended with the ethyl acetate extract of BC42, mycelial growth and sporulation decreased by 65 and 85%, respectively (Kim et al., 2022).

Antimicrobial peptides have gained increased attention as potential alternatives to overcome the issue of bacterial resistance to conventional antibiotics, and cyclic peptides with antifungal activities have been comprehensively studied. Mika et al. (2011) reported that cyclic peptides exhibit antimicrobial activity, as they can penetrate the lipid bilayer of the cell membrane, disrupt the structure of the membrane, and modify its permeability. In this study, we characterized the BC42-producing substance to be a cyclic peptide, cyclo(Leu-Pro). Cyclo(Leu-Pro) is a linear dipeptide folded from head to tail, and it has a wide range of biological activities, such as antibacterial, antifungal, and antiviral properties (Jamal et al., 2017). The cyclo(Leu-Pro) of Streptomyces sp. KH-614 has been found to be effective against vancomycin-resistant enterococci and pathogenic fungi, such as Pyricularia oryzae and Trichophyton rubrum (Rhee, 2002). Mortality and egg hatching of Meloidogyne incognita were inhibited by cyclo(l-Pro-l-Leu) from P. putida MCCC 1A00316 (Zhai et al., 2019). Ganoderma boninense and Candida albicans growth was similarly attenuated by cyclo(Leu-Pro) isolated from the culture medium of Lactobacillus plantarum (Kim et al., 2019). In addition, cyclo(l-Pro-l-Leu) produced by P. putida WCS358 can activate biosensors for quorum sensing mechanisms (Degrassi et al., 2002).

The initial germination and appressorium formation of conidia are crucial processes during the infection stage (Osherov and May, 2001). We have previously reported that BC42 extracts affect sporulation, appressorium formation, and the mitogen-activated protein kinase signaling pathway (Kim et al., 2022). The cyclo(l-Pro-l-Phe) produced by E. coli GZ-34 effectively inhibited the spore formation in Magnaporthe grisea, which is a vital pathogenic process of this fungal pathogen (Song et al., 2018). Schwinges et al. (2019) demonstrated that the bifunctional peptide DS01-THA inhibited the formation of Phakopsora pachyrhizi appressoria in vitro. CDPs produced by Pseudomonas fluorescens are effective against grain mold fungi (Begum et al., 2014). When a conidial suspension of C. orbiculare was mixed with the BC42 extract, appressorium formation was reduced, and the extract was shown to reduce lesions when sprayed on cucumber leaves (Kim et al., 2022). In our present work, we compared the activities of the three isomers: cyclo(d-Leu-l-Pro), cyclo(d-Leu-d-Pro), and cyclo(d-Leu-l-Pro). We found that they are affected by different forms and concentrations (Supplementary Table 1). Several studies related to bioactivities depending on stereoisomers of CDPs have been performed. Chirality is critical in biological systems because enantiomers frequently exhibit highly different physiological characteristics (Brandl and Deber, 1986). The LL-form at concentration of 100 μg/mL and the BC42-extract displayed similar inhibitory activities in germination, appressorium formation, and detached leaf assays, while the DL-form appeared to be only marginally higher than the DD-form. This may be due to the motion of cyclo(l-Leu-l-Pro) being less restricted within the proline ring, in comparison to that of cyclo(d-Leu-l-Pro), which may at least partially account for the observed variations in activity (Deslauriers et al., 1976). The cyclo(l-Pro-l-Leu) form produced by Achromobacter xylosoxidans has been reported to remarkably inhibit the production of highly toxic, carcinogenic, and teratogenic aflatoxins by Aspergillus parasiticus, more so than other isomers (Yan et al., 2004). Both diastereoisomer cyclo(l-Pro-l-Tyr) and cyclo(d-Pro-l-Tyr) showed antibacterial activity against Xanthomonas axonopodis pv. citri and Ralstonia solanacearum, with a MIC of 31.25 μg/mL (Wattana-Amorn et al., 2016). Rosetti et al. (2022) reported that the stereoisomer types of cyclo(Leu-Phe) showed antimicrobial activity against Staphylococcus aureus with a slight difference in MIC: 25 μg/mL of cyclo(l-Lue-l-Phe), cyclo(l-Lue-d-Phe), and cyclo(d-Phe-l-Phe), and 12.5 μg/mL of cyclo(d-Lue-l-Phe). As mentioned above, CDPs showed differential bioactive effects depending on the isomer structure, and we also found that the LL-form had antifungal and biocontrol activities, and DD-form had a part of germination inhibitory activity. To the best of our knowledge, this is the first time that the LL-form among the stereoisomers of cyclo(Leu-Pro) produced by P. sesami BC42 can inhibit the development of C. orbiculare as well as disease suppression in cucumber.

Overall, this study has highlighted the differential biocontrol activity of isomeric cyclo(Leu-Pro) compounds isolated from P. sesami BC42 against C. orbiculare. Our findings indicate that the LL-form of three isomeric cyclo(Leu-Pro) compounds produced by the strain BC42 plays a crucial role in reducing germination and appressorium formation in C. orbiculare, these effects showed strong correlations with the lesion area. The results have shown the potential of cyclo(l-Lue-l-Phe) as an antifungal agent, suggesting its suitability for use in sustainable agricultural strategies aimed at protecting crops from infections caused by fungal pathogens.
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