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This study investigates the potential of natural products derived from two mangrove soil bacteria, GP521A and GP3R5, in anthracnose management in oil tea. Based on 16s rDNA sequencing, GP521A and GP3R5 were identified as Bacillus velezensis and Pseudoalteromonas caenipelagi, respectively. Both bacteria showed strong antagonistic effects towards multiple fungal pathogens on dual cultural plates. The ethyl acetate extracts of fermentation cultures of GP521A (FEGP5) and GP3R5 (FEGP3) significantly inhibited mycelial growth of both Colletotrichum camelliae MC171, C. fructicola CF-1 and Pyricularia oryzae P131 at 100 and 200 μg/mL, respectively. Furthermore, FEGP5 and FEGP3 significantly inhibited conidiation, conidial germination and appressorial formation in C. camelliae MC171 at 50 μg/mL, with stronger inhibitory effects observed in the latter. On detached oil tea leaves, 100 μg/mL of FEGP5 and FEGP3 resulted in ~ 98.0% and 97.5% reduction in diseased areas, respectively, when applied before MC171 inoculation, whereas the reduction was approximately 55.0% and 77.6%, respectively, in the curative treatments. In fresh fruits, both extracts also significantly inhibited disease development, either in preventative or curative treatments. Moreover, FEGP5 and FEGP3 demonstrated significantly lower aquatic toxicity than prochloraz at the same concentrations towards a commonly used bioindicator, Artemia salina. In conclusion, this study demonstrates the potential of marine microbes derived natural products in development of environmentally compatible biopesticides to control anthracnose in oil tea.
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1 Introduction

Oil tea (Camellia. oleifera) is a Chinese most important woody oil tree species with high economic value owning to the rich oil content in seeds and high nutritional value. It is one of the four major sources of edible oil in the world (Chen, 2008; Quan et al., 2022). The history of extracting oil from oil tea in China can be traced back to over 2, 000 years ago (Zhuang, 2008). Owing to its function in preventing hypertension and arteriosclerosis, as well as other nutritional values such as antioxidant and anti-inflammation, tea oil is considered as a high-quality and healthy vegetable oil (Feas et al., 2013; Di et al., 2018), with a fatty acid composition comparable to olive oil. In 2021, the cultivation area of oil tea in China reached up to 4.6 million hectares, generating a yield of ~ 889,384 tons, and the economic value was estimated to be ~192 billion Yuan (China forestry and grassland statistics yearbook 2021). Despite the increasing market demand for tea oil, its production is severely limited by many plant diseases occurred annually, and fungal infection has been recognized as the No.1 threat.

Anthracnose of oil tea, caused by Colletotrichum spp., is one of the major fungal diseases that limiting the production of tea oil. Up till now, Colletotrichum spp. that can infect the leaves and fruits of C. oleifera mainly include: C. camelliae, C. fructicola, C. gloeosporioides, C. horii, C. siamense, C. boninense C. kahawae, C. karstii, C. fioriniae, C. aenigma and C. aeschynomenes (Li and Li, 2020; Wang et al., 2020; Li and Li, 2022; Peng et al., 2023). This anthracnose disease complex typically results in approximately 10%~ 30% reduction of tea oil each year, and the severely affected areas often experience more than 50% of economic loss. Therefore, how to effectively control the occurrence of disease has attracted more and more attention.

Current control methods for anthracnose of oil tea mainly include breeding and planting resistant plants (Savchenko, 2017), good cultivation management, and use of chemical fungicide. Among these, fungicide application is used most frequently. However, the abuse of chemical pesticides has led to a series of environmental and health issues. More importantly, repeated application of pesticides may quickly induce pathogen resistance. Due to these reasons, many governments in the world have announced policies to restrict synthetic fungicide application. As a result, biological control as a more eco-friendly alternative has become a hot spot in recent years, and there have been growing efforts in exploration of effective biological control agents in against anthracnose of oil tea. To date, a number of plant endophytic Bacillus isolates, such as B. subtilis 1-L-29 (Xu et al., 2020) and YL13 (Xia et al., 2023), B. pumilus HR10 (Dai et al., 2021), and B. tequilensis YYC155 (Zhou et al., 2022), showed strong inhibitory effects on Colletotrichum sp. growth in vitro, and some of them also demonstrated promising disease inhibition efficacy in ex vivo or pot assays. Furthermore, a few endophytic fungal isolates from C. oleifera were also proved to be effective in pathogen growth inhibition (Yu et al., 2018). However, research of biological control studies on management of oil tea anthracnose is still at the very beginning stage compared to many other diseases, and to the best of our knowledge, there is no commercial product developed yet. Therefore, studies on further exploration of novel, effective biocontrol agents and characterization of their functional mechanisms are still warranted.

In the past decade, marine microbes have gained increasing interests due to their fascinating capabilities in producing diversified bioactive compounds of various structures and bioactivities (Imhoff et al., 2011). Therefore, these microbes are emerging as an important source for novel biopesticide mining for plant disease management. In previous work, our lab has established a library of bacterial strains collected from mangrove plant rhizosphere, soil and different marine invertebrates (unpublished data). In this study, we screened this library for isolates with antifungal bioactivities in against Colletotrichum sp., and identified two isolates, GP521A and GP3R5, with broad spectrum antifungal bioactivities. These isolates were identified to be Bacillus velezensis and Pseudoalteromonas caenipelagi, respectively. To investigate the potential of these isolates in anthracnose inhibition in C. oleifera and characterize the antagonistic mechanisms, crude ethyl aetate extracts of the secondary metabolites produced in the fermentation cultures of GP521A and GP3R5 were obtained and used in subsequent assays. The effects of GP521A and GP3R5 extracts on mycelium growth, conidiation, conidia germination, appressorium formation and full virulence of C. camelliae MC171 were determined. The toxicity of these extracts towards plants and an environmental indicator organism was also determined.




2 Materials and methods



2.1 Strains and culture conditions

The bacterial strains, GP521A and GP3R5, were isolated from the mangrove soil, in Baguang Natural Reserve, Shenzhen (114.50° E, 22.64° N). The wild-type (WT) strain, Colletotrichum camelliae MC171, was isolated from a tea-oil field and kept in the Forest Protection Research Institute of Hubei Academy of Forestry. Another WT strain, Colletotrichum fructicola CF-1, was kindly provided by Dr. Guozhen Zhang (China Agricultural University, Beijing 100193, China). The rice blast causal agent, Pyricularia oryzae P131, was provided by Dr. Youliang Peng (China Agricultural University, Beijing 100193, China). GP521A and GP3R5 were cultured on Marine Agar 2216 plate (MA, BD Difco™) and fermented in SGTYP medium (5 g of starch, 5 g of glucose, 1 g of peptone, 1 g of tryptone, 1 g of yeast extract, and 17 g artificial sea salt is dissolved in 1 L double-distilled water, pH 7.4–7.6) at 28°C, and the fungal strains were cultured on Potato Dextrose Agar plate (PDA, Coolaber) in an illuminating incubator (photoperiod of 12-h light/12-h dark) at 28°C.




2.2 Dual culture assay

Fungal disks (3 mm in diameter), taken from the edge of ~7-d old colonies, were individually placed on one side of a PDA plate of 90 mm in diameter. A 10-μL droplet of GP521A or GP3R5 suspensions of OD600 = 0.9 ~1.0, which were individually grown for ~ 24 h in SGTYP medium, was inoculated to a round filter paper (~6 mm diameter), and placed to the opposite side of the fungal disks, respectively. SGTYP medium only without bacterial cells was used as the negative control. The plates were incubated at 28°C and the inhibition zone were photographed at 5 -7 days postinoculation (dpi). Three PDA plates were included in each treatment, and the experiment was repeated three times.




2.3 Bacterial identification

Bacterial DNA was extracted with the FASTDNA Spin Kit for Soil (MP Biomedicals) following the manufacturer’s instructions. The 16s rDNA region was amplified via PCR, using the forward and reverse primers, 1492R and 27F, as previously described (Song et al., 2021). The purified PCR product was sequenced at Beijing Genomics Institute. Species identification was conducted using the blastn program (http://www.ncbi.nlm.nih.gov/BLAST/), based on alignment of the sequencing results with existing 16s rDNA sequences in the ‘Nucleotide collection (nt/nt)’ database using Mega 7.0. The first ranked strain with full genus and species names and >99% similarity to the query was selected as the closest match. Sequences of the 16s rDNA region of GP3R5 and GP521A had been deposited to the GenBank database (https://www.ncbi.nlm.nih.gov/genbank/) with the accession No. OR574457 and No. OR574458, respectively.




2.4 Fermentation and extraction of secondary metabolites

GP521A and GP3R5 were cultured on MA plates for ~24 h, respectively, and colonies were picked and suspended in 100 ml SGTYP medium in a 250 ml erlenmeyer flask, and cultured at 28 °C, 220 rpm for 4 days. Then, the fermentation supernatant was collected by centrifugation (4000 rpm, 10 min), and was extracted using ethyl acetate (supernatant/ethyl acetate =1/3 (V/V)) three times. Finally, the extracted products were dissolved in dimethylsulfoxide (DMSO) to 50 mg/mL and stored in 4 °C for further assays.




2.5 Inhibition of mycelial growth in vitro

Mycelial plugs of 3-mm-diameter of P. oryzae P131, C. camelliae MC171 and C. fructicola CF-1 from 7-day-old colonies grown on PDA plates were subcultured onto fresh PDA plates, supplemented with the crude extracts of GP521A or GP3R5 to a final concentration of 100 μg/mL or 200 μg/mL, respectively. PDA plates supplemented with an equal concentration of DMSO, same as those in the crude extract treatments, were used as control. The colony diameters were measured at 5 dpi (11 dpi for C. camelliae MC171). Three PDA plates were included in each treatment, and the experiment was repeated three times.




2.6 Effects of crude extracts of GP521A and GP3R5 on conidiation, conidial germination and appressorial formation of C. camelliae MC171 in vitro

For conidiation, C. camelliae MC171 strains were grown on PDA plates supplemented with 50 μg/mL of crude extracts of GP521A and GP3R5 in dark for 5 days, followed by 3 days under continuous light at 28°C. Conidia were harvested by adding sterile distilled water and scraping the colonies with an inoculating loop. To determine conidiation of C. camelliae, the conidia were quantified by a hemocytometer under a light microscope (Olympus BX51) under 100×. For conidial germination and appressorial formation, droplets of conidial suspension of 2 × 105 spores/mL, supplemented with 50 μg/mL crude extracts of GP521A and GP3R5, and 0.1% DMSO, respectively, were inoculated onto a hydrophobic cover glass (VWR, 48366-067), and incubated at 28°C under darkness. The rates of conidial germination and appressorium formation were examined at 2 h and 24 h, respectively. One hundred spores were included in each treatment, and the experiment was repeated three times.




2.7 Virulence test

Fresh, young healthy leaves and immature healthy fruits of C. oleifera were used for virulence test. Inoculation was conducted by stab injury, and piercing wounds of leaves or fruits were made by a sterilized needle. For protective activity test, the leaves or fruits were sprayed with 100 μg/mL of crude extracts of GP521A and GP3R5, respectively, let stand for 10 minutes, and dried naturally. After 24h, mycelium blocks of C. camelliae MC171were individually inoculated to the center of each plant tissues. Leaves or fruits soaked in sterilized water supplemented with 0.2% DMSO were included as negative controls. For curative activity test, mycelial blocks of C. camelliae MC171 were inoculated onto the wounded tea-oil tree leaves or fruits directly. At 24 hpi., 100 μg/mL of crude extracts of GP521A and GP3R5 was sprayed evenly onto the surface of the leaves or fruits pre-inoculated with pathogens. Those sprayed with 0.2% DMSO were included as controls. All leaves or fruits were incubated in an illumination incubator with 90% relative humidity, maintaining full darkness for the first 24 h, and then followed by a photoperiod of 12-h light/12-h dark for 6 days. Photographs were taken at 7 dpi. Ten leaves or fruits were included in each treatment, and the experiment was repeated three times.




2.8 Toxicity assay

Artemia salina, a model organism for toxicological tests was used to determine the toxicity of crude extracts of GP521A and GP3R5 as previously described (Banti and Hadjikakou, 2021). Briefly, 1 g cysts of Artemia salina were initially soaked in 500 ml artificial seawater (17-g sea salt dissolved in distilled water) for 1 h in a cone-shaped container. Then, the container was facilitated with good aeration at 25°C and under continuous illumination. After 48 h hatching, the nauplii released from the egg shells were collected at the bright side of the cone (near the light source) by using a 20-μL micropipette (Tip was removed). An aliquot (0.3 mL) containing about 10 to 15 nauplii was introduced to each well of a 24-well plate and crude extracts of GP521A or GP3R5 and prochloraz (commercial fungicide for diseases caused by Colletotrichum sp.) were added into each well. The final volume of each well containing artificial seawater was 1 mL. The brine shrimps were determined after incubated at 25°C for 24 h by using a stereoscope. Larvae were considered dead if they did not exhibit any internal or external movement in 10 s of observation. Each experiment was repeated three times.




2.9 Statistical analysis

Three independent experiments were performed for each assay. All the statistical figures in this paper were prepared by GraphPad Prism 8 software and Adobe Illustrator 2020. Students’ t test was used to compare differences between the mean values of each compound treatment and control group (DMSO) of for all the assays. Differences were considered statistically significant at a p < 0.05, and were indicated using different letters (ns, *, **).





3 Result



3.1 Antagonistic activity of GP521A and GP3R5 against C. fructicola CF-1 and P. oryzae P131

We initially screened a previously established bacterial library for isolates with antifungal bioactivities in against two model fungal pathogens, C. fructicola CF-1 and P. oryzae P131. Two isolates, GP521A and GP3R5 were found to have obvious antagonistic bioactivity (Figure 1). GP521A formed an obvious inhibitory zone towards the edge of the mycelium of both pathogens. In contrast, GP3R5 formed a smaller inhibitory zone. These results showed that GP521A and GP3R5 might produce certain antifungal bioactive compounds.




Figure 1 | Observations of the antagonist activity of the two antimicrobial strains against C. fructicola CF-1 and P. oryzae P131. C: SGTYP medium without bacterial cells as the negative control. T: plates treated with the two antimicrobial strains, GP521A or GP3R5. Bar: 1 cm.



Further observation revealed that colonies of GP521A were pale white, round, wrinkled and concave in the middle, while those of GP3R5 were yellow, round and slimy on MA plates (Figure 2). Through 16S rRNA sequencing and blast analysis against known bacteria in the NCBI database, these two isolates were identified as Bacillus sp. (99.79% similarity) and Pseudoalteromonas sp. (99.86% similarity), respectively. The closest match to GP521A and GP3R5 were Bacillus velezensis strain FZB42, and Pseudoalteromonas caenipelagi strain JBTF-M23.




Figure 2 | Identification of GP521A and GP3R5. The colony morphology of strain GP521A (A) and GP3R5 (C) Bar: 1 cm. Molecular phylogenetic analysis of GP521A (B) and GP3R5 (D) by the Neighbor-Joining method based on 16s rDNA sequences. The bootstrap values of each branch were tested by 1000 repetitions. GP521A and GP3R5 were presented by a red frame.






3.2 Fermentation extract of GP521A and GP3R5 affected the mycelia growth of C. camelliae MC171, C. fructicola CF-1 and P. oryzae P131

Given that the dual cultural plate assay suggested that GP521A and GP3R5 produce antifungal bioactive compounds, secondary metabolites of these bacteria in fermentation cultures were obtained by ethyl acetate extraction, and the effects of the crude extracts of GP521A (hereinafter called FEGP5) and GP3R5 (hereinafter called FEGP3) on pathogen growth were determined. As shown in Figure 3, mycelial growth of both anthracnose pathogens was significantly inhibited by both FEGP5 and FEGP3. When cultured on the PDA plates supplemented with DMSO for 5 or 11 days, the colony diameters of MC171 and CF-1 were 4.83 and 5.14 cm, respectively. In contrast, the diameters of MC171 and CF-1 treated with 100 μg/mL FEGP5 were 1.42 and 3.73 cm (p < 0.01for both compared to control), with an inhibition rate of 70.56 and 27.33%, respectively. Similarly, FEGP3 also significantly inhibited both MC171 and CF-1 mycelial growth when supplemented at 200 μg/mL, and the inhibition rate was 72.55% and 32.85%, respectively. To determine whether the inhibitory effects of FEGP5 and FEGP3 was specific to Colletotrichum sp., we further examined the bioactivity of these extracts to another fungal pathogen on rice, and found a similar inhibitory effect (Figure 3). Taken together, these results suggested that FEGP5 and FEGP3 may contain broad spectrum antifungal bioactive components.




Figure 3 | Effects on mycelium growth of C. camelliae MC171, C. fructicola CF-1 and P. oryzae P131 by the fermentation cultural extract of GP521A (100 μg/mL) and GP3R5 (200 μg/mL). (A) The colony morphology of MC171, CF-1 and P131 cultured on PDA plates with or without supplementation of the fermentation extract of GP521A and GP3R5. Bar: 1 cm. Statistical analysis of the colony diameter (B, D, F) and inhibition rate (C, E, G) of the indicated strains was conducted by the software GraphPad Prism 8.0 (Data are mean ± SD. one-way analysis of variance [ANOVA], **:p < 0.01). DMSO. as solvent control.






3.3 FEGP5 and FEGP3 damaged the conidiation, conidial germination and appressorium formation of C. camelliae MC171

To determine whether FEGP5 and FEGP3 has impacts on C. camelliae virulence, three pathogenic steps including conidiation, conidial germination and appressorium formation, which are all indispensable for successful infection was individually examined. As shown in Figure 4, MC171 in the control group produced almost twice as many conidia as those treated with 50 μg/mL FEGP5 and FEGP3, respectively (Figure 4A). In addition, conidial germination and appressorium formation rates of MC171 supplemented with FEGP5 was 78.49 and 73.84%, respectively, significantly lower than that of the DMSO treatment (85.59% and 90.9%, p <0.01 for both). The inhibitory effects of FEGP3 on conidial germination and appressorium formation were even stronger than FEGP5, reaching ~61.73% and 80.34% (12.39% and 18.77% for FEGP5, respectively), respectively under the same concentration (Figures 4B, C). These results suggested that FEGP5 and FEGP3 could inhibit multiple pathogenic steps and thus might be effective in control of anthracnose.




Figure 4 | The fermentation extract (Final concentration was 50 μg/mL) of the strain GP521A or GP3R5 suppress conidiation (A), conidial germination (B) and appressorium formation (C) of C. camelliae MC171. (Data are mean ± SD. one-way analysis of variance [ANOVA], **:p < 0.01). DMSO: as solvent control.






3.4 FEGP5 and FEGP3 destroyed the full virulence of C. camelliae MC171

Given that FEGP5 and FEGP3 significantly inhibited the vegetative growth and virulence associated phenotypes of C. camelliae MC171, we examined the impacts of FEGP5 and FEGP3 on full virulence of C. camelliae MC171 in the young leaves and fruits of oil tea. When applied to leaves before pathogen inoculation, both FEGP5 and FEGP3 completely suppressed disease development after 7 days, while the lesion in the control group expanded to almost the whole leaf area, reaching an area of ~10.72 cm2 (Figure 5). In the curative treatments, the diseased areas in the FEGP5 and FEGP3 treatments were ~4.85 cm2 and 2.41 cm2, respectively, both significantly smaller than that of the control (10.77 cm2). Furthermore, FEGP5 and FEGP3 did not cause discoloration or any other obvious phytotoxic effects in leaves.




Figure 5 | The fermentation extract of the strain GP521A or GP3R5 significantly inhibited the full virulence of C. camelliae MC171 in C. oleifera leaves. The image of representative samples (A), the lesion area in protective activity (B) and the lesion area in curative activity (C) of C. oleifera leaves under different treatments. (Data are mean ± SD. one-way analysis of variance [ANOVA], **:p < 0.01). Pro, protective activity; Cur, curative activity; Toxic, Toxic activity; DMSO, as solvent control.



Similar results were observed in the fruits, that both FEGP5 and FEGP3 significantly inhibited anthracnose development (Figure 6). At 7 dpi., the lesion diameter developed in the fruits pre-treated with FEGP5 and FEGP3 were ~8.04 mm and 7.59 mm, respectively, significantly smaller than that of the control (11.55 mm), and the disease inhibition rates were ~30.37% and 34.2%. In the curative activity test, the control efficacy of FEGP5 and FEGP3 reached ~62.05% and 46.48%, respectively, slightly higher than those of the preventative activity test. Taken together, these results suggested that FEGP5 and FEGP3 had strong inhibitory effects on the full virulence of C. camelliae MC171 and had great potential to be developed as novel biopesticides.




Figure 6 | The fermentation extract of the strain GP521A or GP3R5significantly inhibited the full virulence of C. camelliae MC171 in C. oleifera fruits. The image of representative samples (A), Statistical analysis of the colony diameter and control efficacy of C. oleifera fruits under different treatments for protective activity (B, C) or curative activity (D, F). (Data are mean ± SD. one-way analysis of variance [ANOVA], **:p < 0.01). Pro, protective activity; Cur, curative activity; DMSO, as solvent control.






3.5 FEGP5 and FEGP3 exhibited lower environmental toxicity than commercial fungicide

Toxicity to environmental organisms is a critical consideration for any pesticide development, and thus need to be fully evaluated before a pesticide can be applied in field. As an initial step to evaluate the environmental compatibility of FEGP5 and FEGP3, we examined their impacts on the survival of Artemia salina, a common bioindicator of environmental contamination in comparison to a commercial fungicide, prochloraz. As shown in Figure 7, FEGP3 had no impacts on Artemia’s survival at 10 μg/mL, while prochloraz caused a ~30% reduction in the survival rate under the same concertation (Figure 7C). At 50 μg/mL, FEGP3 showed some toxicity, leading to a ~41% reduction in the survival rate of Artemia compared to the control (Figure 7B). However, this organism was completely killed by prochloraz under the same concentration. The toxicity of FEGP5 was also significantly lower than prochloraz, as there were only ~15.11% and 23.70% reduction in survival rates at 50 and 200 μg/mL (Figure 7A), respectively. These results showed that both FEGP5 and FEGP3 had lower environmental toxicity than one of the main fungicides for anthracnose management.




Figure 7 | The effects of the fermentation extract of GP521A (A), GP3R5 (B) and prochloraz (C) on the survival rate of the Artemia salina. (Data are mean ± SD. one-way analysis of variance [ANOVA], ns, p > 0.05, **:p < 0.01). DMSO, as solvent control.







4 Discussion

The ocean occupies 70% of the earth’s surface. The extreme variation of environmental factors such as pressure, salinity, temperature and nutrient availability endows the marine environment with extraordinarily rich biodiversity and chemodiversity, which are dramatically different from those of the terrestrial environment. To date, more than 50 microbial phyla have been discovered and characterized from the marine environment, and many species are marine-exclusive. Most importantly, marine-derived natural products, especially those from marine microbes, have become a major source for innovative drug discovery. With regards to agricultural application, marine microbes are also emerging as a promising source for novel biopesticide mining. In the past decade, a large number of marine microorganisms have demonstrated promising antagonistic activities towards various plant pathogens both in vitro and in planta, suggesting great potential in plant disease management (Fudou et al., 2001; Pesic et al., 2013; Tareq et al., 2015; Du et al., 2020; Huang et al., 2020; Ma et al., 2020).

In this study, we found two isolates, GP521A and GP3R5, with strong antifungal bioactivities towards the anthracnose pathogens in oil tea. These strains were isolated from the soil of a mangrove natural reserve in China. In a previous study, bacteria of the mangrove soil ecosystem has been reported as a good source for exploration of antimicrobial compounds (Hao et al., 2019). Indeed, during the initial screening we found many isolates (>15%) from this source have antifungal bioactivities to different extent, and these two were chosen for further study due to their fast growth in plates and the best antifungal effects. GP521A was identified as Bacillus velezensis, and GP3R5 was identified as Pseudoalteromonas caenipelagi based on 16s rDNA sequencing. Pseudoalteromonas spp is a marine exclusive genus belonging to the Gammaproteobacteria class, and have been isolated from marine water and sediments worldwide (Zhou et al., 2009; Parrilli et al., 2021). Pseudoalteromonas isolates have been shown to produce a broad range of extracellular bioactive substances, such as enzymes, protease, and polysaccharides (Chen et al., 2020; Deng et al., 2022; Sun et al., 2023). Owning to these features, increasing studies have shown that these bacteria have important bioactivities, such as anticancer, antifouling and algicidal (Lovejoy et al., 1998; Soliev et al., 2015; Zeng et al., 2015; Di Guida et al., 2022). However, antifungal bioactivities have been rarely reported. To the best of our knowledge, this is the first study to prove the bioactivities of Pseudoalteromonas caenipelagi in against plant fungal diseases. Therefore, it is likely to identify novel compounds from GP3R5, and further identification of the bioactive components in its crude extract is undergoing.

Although a number of isolates from several Bacillus species have been shown to have antagonistic activities against Colletotrichum sp., these studies were all done targeting C. fructicola. We focused on C. camelliae MC171, which was repeatedly isolated from infected oil tea leaves in Macheng City, Hubei Province, China, suggesting this species might be a dominant pathovar in the local oil tea plantation (unpublished data). Therefore, this pathogen was used as a target in all subsequent assays. Bacillus spp. are known to produce various of antimicrobial compounds, and thus these bacteria are frequently used as biological control agents in plant disease management. One group of the best known antimicrobial compounds produced by Bacillus spp. is bacteriocins, such as amylolysin, subtilin, and thuricin, which shows potential antimicrobial activity and application on food preservatives, animal feeds and so on (Abriouel et al., 2011). Another is lipopeptides, such as fengycin, iturin, and surfactin, which can activate induced systemic defense in plants and play key roles in plant disease control and food safety (Ongena et al., 2007; Zhang et al., 2013; Farace et al., 2015; Meena and Kanwar, 2015). In addition, production of lytic enzymes (such as amylase and protease) and hydrogen cyanide has been shown to be responsible for the bioactivity of Bacillus cereus B8W8 in against major postharvest fungal pathogens of fruit (Khadiri et al., 2023). Different from previous reports of using Bacillus bacterial suspensions directly in against oil tea anthracnose (Xia et al., 2023; Zhou et al., 2022), we used crude extracts of the secondary metabolites produced by GP521A. Compounds obtained through ethyl acetate extraction are usually non proteinaceous, relatively small in molecular weight, and low to medium polarity. Therefore, the bioactive components of GP521A might be different from previous reports, such as YYC155, which achieved disease inhibition owning to the production of extracellular hydrolases (Zhou et al., 2022). There is a possibility that the crude extract of GP521A contains lipopeptides, which can be extracted by organic solvents. Further compound isolation and identification is needed to clarify the exact bioactive components. Although both GP521A and GP3R5 showed broad spectrum antifungal bioactivities, we observed an interesting difference between the two, that the antifungal effects of GP3R5 was not as obvious as GP521A. It could be due to a difference in either the nature or amount of bioactive compounds they produced, which needs further investigation.

Both FEGP5 and FEGP3 were capable of disrupting several pathogenic steps of MC171, from conidiation to appressorial formation, which are all indispensable to successful infection. As the crude extracts may contain more than one type of antimicrobial compound, it is highly likely that the crude extracts have multiple mode of actions, which together led to complete disease inhibition in leaves. Further experiments such as examination of the expression of pathway specific genes involved in each of these infection steps and mutant analysis will help to clarify the mechanisms involved. As the ethyl acetate extracts mostly contain small molecules, these compounds can be readily diffuse into plant cells and induce plant resistance. This might explain a better disease inhibition efficacy observed for both FEGP5 and FEGP3 in the protective treatments than in the curative treatments in leaves (Figure 5). However, an opposite trend was found in the fruits, that a better control efficacy was seen in the curative treatments rather than the protective treatments for both extracts (Figure 6). This might due to a tissue specific difference in response to compound treatment, which has been described previously by De Tender et al. (2021). Therefore, further investigation of plant responses to FEGP5 and FEGP3 treatments, such as qPCR analysis of defense related genes and examination of ROS production, will help to explain this phenomena.

A. salina is a zooplanktonic crustacean widely distributed in a variety of aquatic environments, and it is one of the main foods for many fishes and aquatic invertebrates (Zhu et al., 2018). Therefore, this organism is commonly used in toxicity tests as a bioindicator. Furthermore, A. salina has several advantages, such as ease of culturing in labs, short life cycle and high offspring production. Most importantly, A. salina is highly susceptible to environmental pollution, and the toxicity test results using this organism usually correlate well with those of rodents and humans. Therefore, A. salina is suitable for initial toxicity determination of potential pesticides. Our results demonstrated that FEGP5 and FEGP3 had much lower environmental toxicity than prochloraz, which is an imidazole fungicide widely used worldwide. This is consistent with previous reports that natural products from mangrove associated bacteria generally have much lower environmental toxicity than commercial fungicides (Hao et al., 2019). We understand that current toxicological data is not sufficient to conclude the environmental risks of FEGP5 and FEGP3, and further tests on more environmental organisms such algae and fishes are necessary in future studies. Overall, our study provides useful information for future development of environmentally compatible biopesticide using marine derived natural products in anthracnose management in oil tea.
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